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PART I 


How light behaves 




1 Light energy 

What would the world be like if there w ere no light ? 

There would be no trees or other plants on the earth 
because plants need light to make them grow. Thus there 
would be no food and no one could live on the earth. 

There would be no air and no wind. Without the warmth 
provided by light from the sun, the air would freeze and 
the winds would stop blowing. The water on the earth 
would freeze too and rivr rs and streams would stop flowing. 

There would be no soil because soil is formed by the 
gradual wearing down of rock by wind, rain, and the 
chemical action of air and living things. The continents 
would be covered by nothing but bare rocks, ice, and 
liquid or solid air. 

So you see that without light our earth would be a 
completely dead planet. 

Fortunately, the sun keeps shining and shedding its 
light. The earth stays warm enough to keep man alive. 
The water evaporates. The air remains a gas. The heat 
caused by light starts the giant cycle of winds and rains 
that water the earth and set the conditions for life in the 
ocean and on the continents. 

THE SPEED OF LIGHT 

We say wer can ‘see’ light. But do we ? As we shall find 
out later in the book, our eyes merely detect the presence, 
of light and form an image of lights and darks. From' 
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these images we learn to recognise things. But we do not 
see what light itself is. 

The key to the nature of light is provided by the things 
that light can do. Since it causes heat, moves the winds, 
and makes plants grow,Qight mu^t be some kind of energy 
closely connected with motion'^ 

An important clue was uncovered in the seventeenth 
century when telescopes revealed that Jupiter had at least 
four moons. Ouc of these moons is shown in Fig. i. As 
astronomers watched the moons revolve about Jupiter, 
they noticed that each moon had a definite period or time 
of revolution around the planet. In a similar way our moon 



Fig. 1. The moons of Jupiter provided the first clue that light had a definite speed. 
The eclipse, or shadow, cast by the moon is dicussed on page i6. 
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/ Jupiter's Moon 



Extra 

distance 


Fig 2 The revolution of Jupiter’s moon seems fifteen ninutes behind schedule at 
point A because of the time needed for light to cross the extra distance across the 
earth’s orbit. 


revolves about the earth in a definite time. But there was 
a most peculiar thing abjut the revolutions of the moons 
of Jupiter. They seemed to revolve a bit faster as the 
earth approached Jupiter and to slow down as the earth 
moved away from the planet. For a half year, as the 
earth moved closer to Jupiter, the moons would speed up. 
For the next half year, as the earth moved away, the 
moons revolved more slowlv. 

In 1676, the Dutch scientist Olaus Roemer offered a 
startling explanation for this curious fact. He thought that 
light travelled at a certain speed and therefore required 
time to cross the vast distance between Jupiter and the 
earth. When the earth was farthest away from Jupiter, as 
in Fig. 2, the light arriving at the earth from Jupiter 
required an extra fifteen minutes to cross the additional 
distance. 

Roemer made some calculations. Knowing the distance 
across the earth’s orbit and the time required for the 
light to cross it, he was able to calculate the speed of 
light. His answer was quite close to 186,000 miles a second, 
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Fig. 3 . The speed of 11^1 u is measured on earth by timing 



lh(! figure wc ac cept today as the speed of light. 

Stop a minute. Think aljout that fantastic speed. How 
can anything go as fast as that ? .^( sucli a spc'c'd light can 
go round and round the earth about seven times in a 
second. It could !>o once around the earth in the time you blink 
your eye. 

lint arc we sure this is so? 

Since Roemer, other methods have been used to measure 
the spec'd ol light. A number of scientists have timed the 
passage of a bc^am of light as it passc'd between two places 
on earth. I'he most famous of these experiments was per- 
formcxl in ipo'i by the American scientist Albert Michel- 
son. He accurately timed a light beam as it travelled from 
one mountain-top to another, then bounced off a mirror 
and returned to the starting point (Fig. 3). The forty- 
four-mile distance was covered in less than a thousandth 
of a second. Michclson’s measurements were so accurate 
that he was able to express the speed of light as 186,265 
miles per second with an error of probably not more than 
a few' miles jjcr second. 
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c lusis lumcts l(> icctdt till lirst 


THP PUSH or A IK.HT BI AM 

We can learn much abou> light from astronomy. Comets 
tell an interesting story. You have seen photographs of 
comets with long, streaming tails. What causes these tails ? 

Comets travel in curved orbits around the sun (Fig. 4). 
When they are far away from the sun, their streaming 
tails are not particularly long But as they approach the 
sun, the tails enlarge and may stretch out for a million 
miles or more. The tails always stream in a direction away 
from the sun. As a comet reaches the part of its orbit 
nearest the sun, a strange thing happens. The comet begins 
to move away from the sun tail first! 
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* This seems to contradict our experience on earth, where 
objects with long tail-like streamers do not move tail first. 
But the rules that apply on earth don’t necessarily apply 
out in space. Streamers tag behind in our atmosphere 
because of air resistance. As air is^^ pushed out of the way 
by a moving object, it grabs and drags the fluffier or 
spread-out parts of the object. But there is no air out in 
space to cause a comet’s tail to drag along behind the head. 

The comet has a tail because ‘something’ coming from 
the sun pushes the gases in the comet. It is thought that 
in some cases the push comes from light, and in other cases 
from high-speed particles. As the comet approaches the sun 
and then begins to move away, sunlight and high-speed 
particles push its gases away from the sun, thus causing the 
comet to move tail first. 

This tail-first movement of the comet indicates that 
light has energy; that it is in motion at high speed and can 
exert force. 

Does light push us on earth? It docs. But the push is 
so slight that it can be measured only with very sensitive 
instruments, 

CHANGES CAUSED BY LIGHT 

There arc other things which show that light is con- 
nected with motion and has energy (the ability to cause 
changes) ,^ight causes electric currents in our eyeballs 
that race up the nerves to our brains. We then interpret 
these electric-current messages to see things^ 

We have already mentioned that light produces heat. 
Solar heating is a practical use of this fact. In some experi- 
mental ‘solar-heated houses’ very large windows capture 
enough light energy to keep the houses heated all winter 
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without any fuel. Special chemicals store heat for dnuci 
when the sun is not shining. 

Have you ever watched a photographer use a *light 
meter’ to measure the amount of light before he takes a 
picture ? He points the meter at the scene and the motion 
of a pointer records the amount of light present. The 
operation of the meter is quite simple. Light striking a 
special material in the meter causes it to generate electricity 
to move the pointer. This effect is called photo-electricity. 

Scientists are now experimenting with materials that 
will produce larger amounts of electricity when they are 
illuminated. They have developed ‘solar batteries’ which 
can operate telephone systems using nothing but power 
from sunlight Similar solar batteries power radio trans- 
mitters and other equipment used in earth satellites. 

Television would not be possible without the ability of 
light to make electric current. At the studio the TV camera 
produces an image on a screen which then changes the 
patterns of lights and darks into electric-current patterns. 
The current is then amplified (magnified), mixed with 
other electric signals, and sent out as radio (TV) waves. In 
your TV set the signals are unscrambled and magnified 
to produce the image on the screen. Such rapid changes 
are possible only because light is a form of energy. 

Photographic film records an image because light affects 
chemicals. It changes the material on the film sufficiently 
so that we can develop a complete picture of the places 
where the light struck. 

You have probably noticed that some shopkeepers cover 
their windows with large sheets of yellow plastic. This is 
done to preserve the colours in the materials being dis- 
played .^ight can change chemicals in dyes and thus alter 
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cblour^Similarly, a housewife will close the blinds in a 
sunny room to prevent sunlight from fading the colours 
of the fabrics on her furniture 
All of the changes caused by light show that it is a form 
of energy. 


LIGHT AND RELATIVITY 

The speed of light plays an important part in Einstein’s 
Theory of Relativity. 

Let us imagine that a space ship is being pushed faster 
and faster by its rocket motor, (^he Theory of Relativity 
states that as an object gains in speed it also gains in mas^ 
(or heaviness). That is to say, the faster a space ship travels, 
the more massive (heavier) it becomes. And the more 
massive the ship becomes, the liarder it is to increase its 
speed. As the shiji ajijiroaches the sjieed of light, its mass 
increa.ses very rapidly. When it linally reaches the speed of 
light, the ship will be so massive that it cannot be made 
to go any faster, no matter how great a push is supplied. 
Thus, according to Einstein's theory nothing can go faster 
than the speetl of light 186,2(13 miles per second. 

Scientists have gathered a great deal of evidence^o show 
that these ideas are correct. O’hfre is little doubt today that 
light is something very basic in our universe and is closely 
connected with motions of ordinary objects^ 

Another clue to the important part played by light in 
our universe is found in I'anstein’s famous formula E —MC*. 
The E stands for energy, M for 7 nass (roughly equivalent to 
weight), and Cl for a fundamental ‘constant’ in the universe, 
the speed of light. The small 2 above the C means that the 
speed of light (Cl) must be multiplied by itself (squared). 
If a scientist wants to find out how much nuclear (atomic) 
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energy would be released by destroying a certain amouilit 
of matter, this formula enables him to make the calculation. 

You can see that by multiplying the mass by the speed 
of light, and then again by the speed of light, you would 
get an enormous figure for the amount of energy. 

( What happens inside nuclear reactors, or when A-bombs 
and H-bombs are set off, is that matter is destroyed and 
changed into tremendous quantities of energy. 

Tt is difficult to see at first how light can be connected 
with matter. But scientists are beginni.ig to think that 
atoms of matter may be made up of waves similar to light 
and that it is the motion of these waves that gives rise to 
particles of matter. JJ) 

If these ideas seem strange, remember that we have 
only five senses with whieh to find out about the world 
around us. When we feel a stone, we can tell whether it is 
rough or smooth. But we don’t get any ideas of the motions 
and commotions of the atoms in the stone. When we 
look at a person, we get some idea as to his shape, size, and 
colouring. But we don’t see, feel, or hear what makes him 
a live person. So we mustn’t be surprised when we are 
told that the seemingly solid matter in our world may be 
closer in nature to light than it is to the things we consider 
solid. 

<fWe have seen that light is a form of energy and is there- 
fore connected with motion^ But motion of what? Before 
we can answer this questiem it will be necessary to find 
out more about the way in which light behaves. 
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2 Seeing things 

We can learn a good deal about light by studying the 
magician’s trick m Fig. 5. To the audience the girl appears 
suspended in mid-air, without any support. To ‘prove’ 
this, the magician passes a hoop round her body. 

The magician has set up his trick by making use of 
certain facts about light. You know that some source of 
light is needed in order to see an object. But the light from 
that object must also reach your eye, otherwise you can’t 
see it. 

The magician uses a very intense source of light from a 
spotlight offstage. Light moves from the spotlight and strikes 
the magician, the girl, and the black curtain behind her. 

Only if light is reflected (bounces off) does it reach your 
eye. Black objects appear black or dark because they 
absorb most of the light and reflect very little. White objects 
appear bright because they reflect most of the light and 
absorb very little. Practically no light reaches the audience 
from the black curtain behind the magician. Therefore, 
they do not see it. The stand and board supporting the 
girl are painted jet black to make them invisible against 
the equally black curtain. 

You may wonder how the magician passes the hoop 
around the stand. The sections of the stand are probably 
hinged so that they can open up to permit the hoop to 
pass by. For example, suppose that four black steel rods 
held up the board upon which the girl rests. An assistant 
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Pig <) The magician bases his trick upon the fact that black objects do not reflect 
light and therefore cannot be seen against a black background 


could easily manipulate a lever behind the curtain to 
lower each rod as the hoop went by. The tliree remaining 
rods would still be able to support the board. 

Notice that although the magician’s suit is black, it is 
slightly visible. There are many degrees of blackness and 
whiteness. An object is as white as it can possibly be when 
it reflects every bit of the light that strikes it. If it reflects 
nine-tenths of the light, it is still considered white. If it 
reflects one-half, it is grey; if it reflects one-tenth, it is 
dark black. If it reflects no light at all and absorbs all the 
light that reaches it, it is perfectly black. 

Can a white object appear black? Yes — if you look at a 
white object in complete darkness, it looks just as black as 
everything else. In the absence of a source of light, there 
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is no light for the object to reflect. In total darkness every* 
thing looks black. 

Notice that the brightest part of Fig. 6 is the top of the 
aeroplane. This is easy to understand when we remember 
that the source of illumination, the sun, is overhead. When 
the picture was taken, light striking the top of the aeroplane 
was reflected to the camera to produce an intense white 
area on the film. The earth below the aeroplane is also 
white. But why isn’t it as bright as the top of the aeroplane ? 

There are two reasons. First, the smoothness or rough- 
ness of a surface affects its ability to reflect light. When a 
beam of light is reflected from a smooth surface, it keeps 
its shape (Fig. 7A). When light is reflected from a rough 
surface, the rays are dijuicd, that is, scattered and spread 
out (Fig. 7B). The body of the aeroplane is smooth and 
causes a shining, mirror-like reflection that concentrate? 
the light from certain parts of the aeroplane. The plastic 
dome just above the pilot gives a similar reflection. 



Fig. 7. Smooth surfaces produce mirror-like reflections. Rough surfaces cause 
diffused reflections. 


* Because of the diffuse reflection from the rough ground 
(Fig. 7B), the light reaches our eyes evenly from all parts, 
and we see a large greyish area without very bright spots. 

The second reason for the greater whiteness of the top 
of the aeroplane is the fact thac-.its smooth metal surface 
reflects a higher percentage of the light than the ground. 

Why is the shadow of the aeroplane so black ? No light 
from the sun passes through the aeroplane. An object that 
lets no light pass through is said to be opaque. Since the 
ground directly underneath the aeroplane receives no light 
at all, we see a black shadow. 

Fig. I shows a similar shadow. Jupiter’s moon is opaque 
and blocks the sun’s rays to form an eclipse — a dark shadow 
on the planet’s surface. When our moon passes between the 
sun and the earth, it causes a similar eclipse. 

Now compare the underside of the aeroplane in Fig. 6 
with its shadow on the ground. Since the bottom of the 
aeroplane is also blocked from the sun’s rays, why does it 
appear to be grey? Why isn’t is as black as its shadow? 

We have seen that light is diffusely reflected upward 
from the rough ground in all directions. Some of this 
diffused light illuminates the aeroplane from below and 
makes it dimly visible. Additional light comes from particles 
of dust in the air which scatter the sun’s light and soften 
the deep shadows. If some light did not come from the 
sky and the surroundings in this manner, all shadows 
would be jet black. The sky would also be jet black and 
the stars would be visible in the daytime ! 

Notice that the pilot in Fig. 6 can be seen clearly through 
the solid plastic dome. The plastic is transparent and permits 
the pilot to receive light from outside while the solidity 
of the material protects him from the wind. 
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Look at the shiny spot at the top of the plastic domel 
Although most of the light is transmitted (passes) through 
the transparent plastic, a small percentage is reflected. 
Since the plastic is smooth, you see reflections only at 
certain angles. One area of the plastic surface was in the 
proper position to reflect light from the sun to the camera. 
It appears as a shiny spot in the photograph. 

QiNhy do we see the markings on the aeroplane? The 
markings are visible only because they reflect a different 
percentage of light than the body of th'’ aeroplancTThat 
is why we use dark paint on a white or silvery surff^, and 
white paint on a dark surface. We print black ink on a 
white page and paint white letters on a black background. 
White paint Avould be barely visible on the shiny metal 
surface because both the paint and the metal would reflect 
a great deal of light, making it hard to tell one from the 
other. 

Why is the shadow of the aeroplane so clear and sharp ? 
Why does it have a shape similar to that of the aeroplane ? 

The straight beams in Fig. 8 show that light tends to 
travel in straight lines. You sometimes sec similar straight 
beams of light when a distant cloud passes between you 
and the sun. 

When sunlight streaming from the sun strikes the aero- 
plane in Fig. 6 none of it gets through. It is either absorbed 
(taken in) by the aeroplane or reflected. But the light 
grazing the edge of the aeroplane passes straight on to 
reach the ground. That is why there is a rather sharp 
boundary line between the shadow on the ground under 
the aeroplane and the rest of the ground, which is illum- 
inated by sunlight. The shape of the shadow on the ground 
thus follows the curves of the aeroplane above it. 
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I-'ii?. H. Searchlight beams tiavel in straight lines. 

If the light beams in Fig. 8 travel in straight lines, why 
do you see them? Shouldn’t the light travel straight off 
into space without reaching your eye (or the camera) ? 

Dust and water droplets in the atmosphere cause reflec- 
tion of light to our eyes. We see light beams because some 
reflected light reaches our eyes from particles along the 
straight path of the light. 
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Because of the great distance of the beam in Fig. 8, We 
can’t see the individual dust particles. Instead, we see the 
regions from which the billions of particles reflect light. 
However, if you closely examine a beam of sunliglit in 
your room, you will see some of the individual bits of dust. 

There are times when light docs not travel in a straight 
line. For example, as light strikes an object, the direction 
of the beam is sharply changed by reflection. In Chapter 5 
we shall see that a change in direction also occurs at the 
moment when a light beam passc.s fro n one transparent 
material into another, such as from air into water. 

Why does the sky appear black in Fig. 8 ? I’he lights from 
the city streets are too weak to illuminate the dust particles 
in the air abeve the city and lighten the sky. Compare the 
intense light we receive from the sun — 93 million miles 
away -with the feeble electric lamps that only illuminate 
objects in their vicinity. Both the sun and the lamps are 
luminous, hut flinWrrnrf* in thc amount of 

light they give. 

In Fig. 9 the illumination in the girl’s mouth is caused 
by light beams from the two torches. Some of this light 
passes right through her c leeks. The cheeks are said to be 
translucent. A ground-glass window and a jiiece of waxed 
paper are also translucent. I’his means that light goes 
through, but the direction of thc rays is changed from a 
straight-line path. As a result you cannot sec objects when 
you look through transluc' ut glass. But you can see the 
light which gets through. 

Light passes through transparent glass, such as a window- 
pane, practically without any change of direction. It is 
almost as though the glass were not there. That is why you 
can see through a solid glass window. 
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Fiu; i) l.mht ( an priwti.ito flrsh 


Light can penetrate every material that is thin enough. 
But whetlier we consider a material opaque, transparent, 
or translucent depends on how much light gets through. 
If a large percentage ol the light penetrates a material 
without changing tli<- direction of its rays, that material is 
said to be transpaient. If the percentage of light coming 
through is \ery small, the material is opaque. If a high 
percentage ol’ light gets through, but most of the rays are 
deflected from a straight path, the material is translucent. 

Clear water only a few feet deep is transparent. But if 


you go down 
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I'lg lo. Dust arul pailid. s in lln an niakr it clillu ult to svv distant objects 

tlt-aiK. 


through that the watei niiglil be eonsidered opacjue. Some 
ligiit miglit pass through a metal (ilm a h action of a mil- 
lionlh ofaii inch tli.^k, hut a slicet of metal one-thousandth 
of an inch will stop practically all the light. 

Air is usually considerec! transparent. But if )ou look at 
a distant scene, through many miles ol air even on a clear 
day, the dust particles scatter tin* light w.ives so that little 
light comes straight through. See ho\s ha/,) the background 
appears in Fig. to. 'FIk* road ami the trees gradually fade 
awa\ until there is nothing * it a general whiteness. At this 
point the air can be .said to be liansliKcni. Fig. ii shows 
a similar occurrence in outer space. Fholograjihed through 
the lelescopc, the ‘IJorsehead’ Nebula seems lo be a large 
dense cloud suiioundc'd by a luminous cloud of gas. Astron- 
omers tell us that the seemingly dense cloud is made up of 


•21 




I'ig. II. Op;i(|\K- (lust (louds in ouIit space block light from distant stars. 


gas, far more rarefied (thinner) than that of our atmosphere. 
But although the gas is very thin, the cloud is many millions 
of miles thick. Thus, while one mile of the gas absorbs only 
a tiny i'raction of light, many millions of miles absorb most 
of the light. Such a small percentage of light passes through 
the cloud that we may consider it opaque. 
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Fig. 12. What causes the wavy dark and light areas you sec when you look through 
two layers of wire screen ? 
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We seem to see a few stars through the black area of 
the cloud. These stars arc probably closer to us than the 
cloud. Notice that more stars arc .seen in the lighter regions 
at the left of the [heture than in the darker portions to the 
right. This is j)robably becau.se th(* v>jjac|ue cloud blocks off 
our view of most, il not all, of the stars behind it. Since the 
luminous part (jl'the cloud is more rarefied, it allows us to 
see many stars l)-"'ond it. We tilsf) see this part of the dust 
cloud because of relleclions from particles ol dust. 

SCKKKN fKOtn.KM 

I'ig. !■_> is a photograph ofa corner ol a screened verandah. 
An inUTesling patti'in of dark whiils is st'cn through the 
scicen. The [lattc'in appi'ais only when )ou look through 
two layers of set ecu. Ti n to work out wh) the pattern 
occurs. Then tiiiu to |)age i.jb .uul coin|)are the answer 
with \ours. 



3 Illumination 


In Fig. 13 two mf*n seem to be di\’ing into a pool, one 
above the other. Actually the photograph is a ‘double 
exposure’ of the same diver. Two pictures were taken in 
rapid succes.sioii on the .same negative witli the camera in 
the same position. 

How can you tell ^ Look closely at (he di\'cr entering (he 
water. Notice that a faint image of one ])ost and tiles 
appears right through his body. This mt'ans that tlu* picture 
was taken twice: once when the diver was high in the air 
and again as he hit the water. The first ])lio(ograph showed 
the diver above (he diving board and included a complete 
picture of the posts and tiles on (he side of the pool. When 
the second photo was snapped, the image of the tiles and 
posts v\a.s already recorded on the film. I’hus both the 
di\er and the objects behind him are in the same |)lace on 
the film. 

Why does the diver appear much more brightly illum- 
inated than the side of the pf)ol ? Atid if we look at the top 
of the photograph, we do not see any image ol the ceiling 
through the diver as he leaves tlu' diving board. We would 
expect such an image to ap,icar when the second picture 
was snapped. 

It is all a matter of illumination (he amount of light 
that falls on a surface. Notice the difference in the bright- 
ness of the face of the clock to the left of the ])ool and the 
skin of the di\’er. Although the clock face is cei tainly as 


■25 




* 3 * T^®"*** background objects receive less illumination than the diver because they 
arc farther from the source of light. 
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white, or whiter, than the diver’s skin, it does not appeat 
to be so in the picture. If you look closely under the diving 
board, you will see a faint image of a man watching the 
dive. The white clock appears grey and the onlooker’s 
image is rather dim because they are at a greater distance 
from the source of illumination than the diver. 

Why should distance have such an effect on illumination ? 

Throw a stone into a quiet pool of water. A wave 
spreads out. As it docs .so, the disturbance that began at the 
centre of the wave moves outward in a wider and wider 
circle. As it spreads, the ‘hill’ of water becomes lower and 
lower, until it just seems to die out and di.sappear at a 
distance. In many \\a\s light beliaves like a wave of 
water. 

Hold a book near a lighted lam]i. The ]}agc appears 
bright and is easy to read, but mcnc the book aw.iy from 
the lamp and the })agc becomes dimmer and ilimmcr until 
finally the print can barelv be seen. 

Illumination dc})cnds mainly on two factors; the strength 
of the .source of ligh. ami the distance frt)m the .source. 

Lamps are measured in cdin/lcpohri . A certain ty})c of 
candle is taken as ‘one can llepower’. .\. lamp that pro- 
duces ten times as much light is rated as ten candlcpowcr. 
We can increase illumination In increasing the brightness 
(candlcpowcr) of the source of light. 

How does distance affect illumination.'* Fig. 14 shows a 
light beam travelling outwaid <rom a lamp at L. A square 
screen marked A is ])laccd one foot away froni the lamp. 
Light from the lamp (L) covers the screen and provides a 
certain amount of illumination. 

Now let us remove screen A and allow the light to fall 
on screen B, two feet from L. As a light beam travels from 
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A 



its sounc, it spreads out. It is twice as liii^h and twice as 
w'idc wlicn it stiilas Ji as it was when it illuminated screen 
A, yet li ie{ei\(\s (“.\aelly the same amount of light energy 
that illumin,it(‘rl screen J. Since the light energy that 
formeily (cweic'd one .scpiaie now' covers four, each of the 
four sf|uare.s on li receives one-cpiarter the illumination 
of J. 

Square (. is thrc'c times as far from the lamp and is 
three times as high and as wide as square A. It captures 
the same total amount ol light energy as A. But it consists 
ol nine scpiates, each the si/e of screen A. Each of the nine 
squares in (.' c .iptures one-ninth of the total light energy, 
and therelore has one-ninth the illumination of 

Now let Us see what ha])pens if we increase the distance. 
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Distance 
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I (>()() 


Illumination compared to first distance (*4) 
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lO 
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lO 

lOO 


I 



I 

ICH) 

I 

KM) 

or 

10,000 

I 

IIHH) 


lOOO 

or 

1 ,000,000 


You can see from the table that tin* illumination rapidly 
decreases as we go farther from the light source. \'ery sot>n 
the illumination drops to practically nothing. 

d’hc rapid reduction in illumination as tlistance increases 
exjilains why the image ol' the di\er in big. i;^ is clearly 
recorded by the camera while the oidooker behind lum is 
very indistinct. Measure the length of the di\ei’s body 
from head to toe. Now measure the ligure of the onlooker. 
'The diver’s body is about twice as Uaig. This means that 
the onlooker is twice as far froni the camera as tlie diver. 
Illumination from the camera’s Hash gun is therefore l()ur 
times as great for the diver as l()r the onlooker. 

It might seem that with one-<juart(‘r tin* illumination the 
onlooker would not aj)])ear as faint as he does in the 
picture. Rut v\e must remember that |)hotographic film 


■^9 



’docs not record illumination in the same way that our eyes 
do. In photographs, dimly lit areas generally come out 
darker than they appear to the eye. 

II.I.l’.MINATIO.N 1 ROM T II F, SON 

W’c take so many things for granted. For example, a 
rerlain ‘angle’ has a very important circct on your life. 
It determines whether you are warm or cold, whether you 
preli-r to live at the North Pole or the equator, whether 
\oii wear a heavy coat or just a swimming costume. 

It is tlie angle at which the sun's rays strike the earth 
that determines which parts of the earth arc cold or warm, 
and wh(‘n and where summer or winter occurs. 

Wliat causes summer aiul winter .* 

Some ])eopIe think that v\e have winter when the earth 
is I'arthest from the sun, and summer when the earth is 
closest to the sun. This cannot be so iiecause it is winter in 
the Northern Ilemisphen^ when it is summer in the 
Soutliern Hemisphere, and both hemispheres are always 
prai tieally the same distance from the sun. If distance 
from the sun were the cause of winter and summer, the two 
hemispheres would havi* the same seasons at the same time. 

Fig. 15 provides a clue. Notice the long shadow of the 
camel on th<' curved sand dune, near the arrow. Why docs 
the sand appear grey at this sloping point, rather than white ? 
It cannot be a shadow, since the shadows of the camels are 
clearly seen on the sand on either side of the grey area. 

C'Fhe part of the sand dune that slopes away from the 
sun causes the light energy to spread out over a much 
larger surface, 'riius each square inch of ground along the 
slope gets le.ss light energy and appears less bright. In 
cfl'ect, the illumination is les.^ 

30 




Fig. 15. The sloping angle at which rays of sunlight strike the sand dune causes 
rcduct d illumination on the ground 

The same efTect is shown in Fig. iG. The light from beam 
2 strikes the earth ‘directly’ at B. Notice that beam 2 covers 
much less surface of the earth than the equal beam i and 
3, which strike the earth at a glancing angle nearer to the 
poles. The large aieas, A and f/, receive the same amount 
of light energy as the smaller area B, which is nearer to 
the equator. But the light energy is more concentrated at 
B, and it spreads out at A and (i Since light energy causes 
the heating of the earth, region B is warmer than A or C. 

In Fig. 16 the earth’s axis is shown with its North Pole 
tilted at an angle toward the sun. This is the position for 
summer in the Northern Hemisphere and winter in the 
Southern. Region B, a bit north of the equator, gets the 
greatest concentration of light. The North Pole region A 
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4 Mirrors 


The painters on the cradle in Fig, 17 uonld be surprised 
to learn that we plan to use them to illustrate some prin- 
ciples of light. 

Look closely at the image of the cradle and painters in 
the windows. We are quite certain tliat the windows are 
made of transparent glass. Vet we can’t see tlirough them 
into the building. Why !iot? And why is the mirror image 
in the window .so dim ? 

Any very smooth surface produces a mirror image. For 
example, the water is smooth in front of the boat in Fig. 18 
and rough behind it. We see a mirror image ol' the boat 
in the smooth water, and the water itself seems invisible. 
A polished table, a shiny car, a new spoon, and other 
smooth surfaces jjrodnce similar mirror images. But the 
mirror image disappears in the roughened water behind 
the boat. 'I'he rough water now a|)i)ears as a white material. 

Qt is white becau.se it rellects lights Yet the t\pe of rellection 
is very different from that produced bv the smooth water. 
The white a])j)earance of the rouglnaied water is caused 
by light that is reflected difru.sely in all directions. We have 
.seen this type of reflection in Fig. 7. 

Why do the windows in Fig. 17 produce a mirror image 
of the painters? Ordinary w'indow glass always produces a 
mirror image. But why is this image .so noticeable? We do 
not usually see such good reflections in windows. 

Notice the line of sunlight on the top window-ledge 
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above the painters. The photographer snapped the pic- 
ture at a moment when the sunlight illuminated the paint- 
ers and yet did not enter the windows. It is therefore very 
dark behind t!ic windows. But it is very light out-of-doors. 
Some of the light striking the painters is reflected on to 
the window. But most of the light goes through the window 
to the inside of the building - and never reaches our eyes 
or the camera. '. mall part of the light is reflected from 
the glass, reaches the camera, and produces the mirror 
image. The image of the painters is dim because only a 
small portion of the sunlight reflected from the painters to 
the window is then reflected back from the window to our 
eyes. I’hus the reflected image of the painters is dimmer 
than the original appearance of the painters. 

But wh\ do ordinar) mirrors reflect more light than 
glass? And why arc most mirrors made of glass? 

Clertain metals, such as silver, aluminium, and stainless 
steel, reflect most of the light that strikes them. When flat 
sheets of these metals are polished, they become excellent 
mirrors 'Fig. K)'. Some mirrors are made in this way. 

However, thin, flat sheets of metal can be bent easily. 
Bending distorts the shape of the image, as you can see by 
studying the reflection in Fig. 19. 

It is eass to make flat sheets of glass that are rigid and 
keep their shape. But ghiss reflects only a small portion of 
the light, while permitting most of it to pass through. We 
then combine the advantages of glass and metal by coating 
the glass with a thin layer of silver, aluminium, or other 
metal. 'Fhe glass pro\ idcs the flat surface, while the metal 
coating tlocs most of the reflecting. 

Other metals, such as lead and copper, can also be used 
for mirrors. Since they do not reflect as much light as 
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Fig. 17. Smooth glass produces dim mirror reflections. 


silver and aluminium, images do not appear as bright. 
These metals are used in driving mirrors because they 
reduce the glare from headlights of other cars. 
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I* IK Sincioth water prf»(Iu< r s mirror if (lee tioiis, roui^h water reflects light diffusely 
and appears white 


Some houses are ecpiipped with special peepholes covered 
w'ilh a stiani»e kind ol j^lass. When someone outside tries to 
look in, he t.in’t. He sees only his owm mirror reflection in 
the j)eephole. Hut the |)ei.son inside can see out w'ith no 
trouble at all. How can the same material act as a w'indow 
and as a minor at the same time.'* 

'I'he gill in l'’ig. -20 can obsiously see through her sun- 
gla.sses, 01 she wouldn’t be wearing them. Yet the pho- 
tographer looking into her glasses did not see her eyes. He 
saw a mitioi reflection of himself'. 

Look ag.iin at the painteis on the cradle in Fig. 17. As 
w'e look thiough the window into the darkened interior of 
the buildings, we see only a reflection of the bright objects 
outside. On the other hand, people inside the building 
could easily see objects outside. 
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1 ii<. H). Smooth itu*ul produces niiiior iclltc lions 


This is caused by the diPerent degrees of brightness on 
the two sides of the glass. The sunglasses in Fig. 20 are 
dark and let through only a fraction of the light. They 
shield the girl’s eyes from the strong sunlight. 'I’liis also 
means that there is little illumination on her eyes. Only a 
part of the reduced amount of light leaching her eyes is 
reflected back. If we are to .see her eyes, the light must 
then pass through the dark glasses. The amount of light 
that reaches us from the girl’s eyes is greatly weakened by 
this triple reduction and is therclbrc very faint. 

The light that is reflected from the smooth surface of the 
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sunglasses is also i educed in l>tic;hlness, but only once. The 
reflected iniai»e c»( tlu* photoi^i.ipliei can thciefore be seen 
while the ^nl\ e\c‘s .iie iiuisible. 

In the s«une ua\ <i peison inside a daikened house looks 
out thiom>h his claikenc-d peephole window to see a poison 
in stiont^ dasliuht 1 he peison outside, illuminated bs 
bright light, gets a stiong leflection of himself; theicforc, 
he cannot see the othei peison in the dim inteiioi. 

At night the situation is icscrsed. The illumination is 
stiongei inside the house and much less outside. Thus the 
peison outside is able to sec into the building, while the 
pel. son inside sees a lellcc tion of himself. 

This eflec t is inci eased bs using glass that is ‘half silveied’ 
A very thin coating of metal is ])ut onto the glass so that 
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some light gets through and some is reflected. There is 
then a greater difference between the brightness of the 
reflected image and the image that wc see through the glass. 

A similar effect is observed in sliop windows. At n'ght 
you can clearly sec the interior of a brightly lighted shop 
and your reflected image is usually not visible. But in the 
daytime, especially when )ou are illuminated by the sun, 
you sec a mirror image of yourself’ against the darkened 
shop window. 

EXPLAINING MIRROR IMAGES 

Let US examine Fig. 17 more closely. Notice that the 
image of the painters and of the ciadle seems to be the 
same size as the painters and the cradle theniselves. And 
it appears to be the same distance behind the window as 
they arc in front of the window. 

The image seems to be the same as the object, except for 
one thing — the image is reversed. For example, the painter 
on the left has his right arm raised. But the image has its 
left arm raised. 

An image in a flat mirror is symmchical with the object 
reflected. This means that everything on one side of the 
mirror repeats everything on the other side of the mirror, 
with the two sides reversed. 

We can explain mirror images by obsiTving the way in 
which light is reflected from a mirror. 'Fo study miiror 
reflection, cut a small hole in a jiiecc of cardboard and 
allow some light from a torch to pass through the hole. This 
creates a narrow beam of light called a xiy. 

In Fig. 2 1 A a ray of light falls on a mirror and is reflected. 
Notice that there is an angle between the incoming ray 
and the mirror (angle i). There is also an angle between 
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1 1>» 22 rrflrrlions octui hrii, all at th«* same anijle. 
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the reflected ray and the mirror (angle s'). The two angles 
are equal. They demonstrate the law of tejleclion, which (in 
simplified form') slates that the angle at which a ray of 
light is reflected from a surface is equal to the angle at 
which it strikes the surface. 

Fig. 2 iB shows the incoming ray striking the mirror at 
a different angle. Again the reflected ray alsc bounces off 
at the same angle at which it strikes the mirror. 

In Fig. 22 a beam olTight is reflected eleven times from 
a series of mirrors inside a device that ''chops’ a light beam 
into rapid pulse-.. You can see that the angle of each 
reflection ccpials the angle at wliich the beam strikes the 
mirror. It is also interesting to obsenc the wa) in which 





the beam becomes weaker as it bounces from mirror to 
mirror. This occurs because some light is lost at each 
reflection and also because cigarette smoke was blown into 
the path of the beam to make it visible. Reflection of light 
from the smoke reduced the brightness of the beam. 

The process of reflection resembles the way in which a 
ball bounces off a wall. Try rolling a ball tOM'ards a wall 
along smooth, level ground. You will find that the ball 
bounces offth; "'nil at the same angle at which it strikes. 
A good billiards player can work out where to aim a ball 
that is to hit the side of the table by making n.se of the law 
of reflection. 

Now let us see vvhat causes a mirror image. In Fig. 23, 
MM repre.sents a mirror. L represents a tiny lamp that 
produces a small spot of light and gives out rays in all 
directions. Let ns .select two of these rays and study them 
carefully. One ra\ strikes the mirror at . 1 . It bounces off at 
an ec|ual angle to B and continues to the eye. The second 
ray strikes the mii ror at f/, l)ounc(‘s oil’ at an e([ual angle 
to I), and enleis the e\e. 

When* do tlu'se lays seem to come from ^ Extend the 
lines AB and (. 1 ) behind the mirror. If your drawing is 
accurate, \ou will find that the ravs .seem to meet at /, 
exactly as far behind the mirror as the light L is in front of 
it. I is an im.ige of /.. 

Why is a mirror image reverseil’? In Fig. 24, three rays of 
light 2, and 3) are bouncing off a mirror. After the 
first reflection, the order of the rays is 3, 2, i. Thus the 
rays are re\ersed. 'Fhe second reflection restores the beam 
to its original 1, 2, 3 order by means of a second reversal. 

A mirror image is really an optical illusion by which you 
see something that is not really there. When you stand in 
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1* ig. 2 b \\ hat IS It ? A totem pole ^ 
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front of a mirror, your reversed image is really not^ou. 
When you were a small child, you wcie probably deceived 
by the first mirror images you saw, but now that you are 
familiar with them vou know that they are just images. 

Fig. 25 shows how we can still be deceived. When we 
look at the photograph we seem to see three panes of glass 
on a wall; through them we can see a door and two 
windows. But are they really glass.'* Perhaps they are 
mirrors reflecting an image of a door and windows? It is 
impossible to tell from this photograph. We may be looking 
at a reflection in a mirror or gazing through transparent 
glass. It is a perfect optical illusion. 

Another optical illusion is shown in Fig. 2(5. Do you 
recogni.se it? Is it a totem p<ie? An ancient statue? Or is 
is it a modern painting? 

Turn the book lound .so that the black dot is at the 
lower left-hand corner of the [)icture. Now look clo.sely 
near the tip of the up])er arrow. You see a tree. Look at 
the lower arrow. You see a reflected image of that tree. 
The ‘totem j)ole’ is rea^lv a picture of the dill wall at Grand 
Coulee Dam reflected in the cjuiet water of the lake. Notice 
that the reflection is almost idt atical with the cliff wall but 
is reversed. However, a disturbance in the water at the 
lower right-hand corner has |)roduccd a clistfu'tion and 
double image of the cliff. 

ClirRVKO MIRRORS 

Fig. 27 is a mirror image of a photographer, a group of 
cadets, and .several buildings as seen in the smooth, shiny 
helmet of one cadet. A surprising thing about this reflection 
is that it shows so many large objects in such a small mirror. 
Notice that everything seems smaller than normal and 
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Fig 29 A concave 
produce as 
larcft distorted linage 
of a person near the 
mirror. 



rather squeezed, and that shapes of the objects are distorted. 

Why does the mirror reflect such a large part of the 
surroundings ? The shiny helmet is an example of a convex 
(outward-bulging) shape. A convex mirror always produces 
a small, crowded image that shows' a large part of the 
surroundings. Fig. 28 explains \/hy. Ray i comes from a 
building far to the left. It strikes the cqrved surface of the 
mirror, bounces off at an equal angle, and reaches the eye. 
To the eye the building appears to be at A, behind the 
mirror. Ray 2, from another building far to the right, also 
enters the eye by bouncing off the right side of the mirror. 
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This appears to be at B in the mirror. Thus we can see 
objects far to the left and the right in a convex mirror. 

'riie ability of convex mirrors to reproduce small images 
of a larg(“ area makes them useful in certain types of driving 
mirrors for ears. They are often used in buses to enable the 
driver to see if ])assengers have finished getting on and off. 

'I'he opposite elfeet occurs in the concare (inward-curving) 
mirror in Fig. 'jq. d'he girl, close to a large concave search- 
light minor, sees a dislf)rted enlargement of her face. 

Fig. ;{o shows liow' rays of light bounce off a concave 
mirror to reach the e\e (or lens of a camera). Many rays 
ol' liglu arc rellcc ted lic)in the top of the girl’s head. But 
only ray i is in a ptjsiiion to rellect to the eye by bouncing 
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tig 31 Two mirrors at an angle of 45° product seven images of an object 
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off at an equal angle from the mirror. The eye then judges 
the top of the head to be somewhat near A. 

In the same way, the ray that reaches the eye from the 
girl’s chin reflects from the bottom of the mirror. The eye 
judges the image of her chin to be somewhere near B. You 
can see from Fig. 30 that the size of the image of the girl’s 
head (AB) is much larger than its actual size. If the girl 
moves away from the mirror, the image enlarges, then 
seems to disappeai, and finally becomes small and upside 
down. Those interesting optical effects arc put to use in 
reflecting telescoj)es. 

MIRROR I'ROni.KMS 

1. How observant are you? Study the painters on the 
cradle in Fig. 17. Tlien try to answer these questions. 

a. How higli is the cradle above the ground ? 

b. Are the painters working in the street or in a 
courtyard ? 

c. Was tlic picture snapjicd early in the morning, at 
midday, or late in the afternoon? 

(I. Are the painters working on a new building or an 
old one ? 

e. Are they moving the cradle or just holding the 
ro])es still ? 

f. Where was the photographer when the picture 
was snajij^cd ? 

Now compare your answers with those on pages 
146 and 1.^7. 

2. Fig. 31 shows an interesting formation of images caused 
by placing two mirrors together at an angle of 45'’. 
Can you explain these images? Turn to page 147 for 
the answer. 
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5 Bending Light 


In Fig. 32 one pencil is made to look like many. Notice 
how the straight pencil appears to bend as it enters the 
water (. 4 ). There are additional images at B, C, D, E, F, 
G, and H. How do we explain this strange optical illusion ? 

Fig. 33 shows a beam of light passing througii a tri- 
angular piece of glass. A piece of glass of this shape is called 
a triangular prism. We shall refer to the wide part of the 
prism near the bottom ol' th; picture as the base. Notice 
that the beam of light is bent towards the base of the prism. 

In Fig. 34 we see how rays of light bend as they pass 



Fig. 32. Why do you 
see so many pencils .•* 
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through a solid rectangular block of glass. The rays bend 
in one direction as they enter the glass, and then bend by 
exactly the same amount, but in the opposite direction, as 
they leave the glass block. As a result the rays keep moving 
in the same direction. However, the paths of the rays are 
shifted to new positions. Thus when light passes through a 
piece of glass whose sides are parallel, there is a slight 
displacement but no change in direction. 

Notice that there .ire slight reflections at each surface of 
the glass but that most of the light passes through. 

Water, glass, and all other transparent materials act in 
the same way. Whenever light passes from one transparent 
material to another (at an angle), the rays always bend at 
the boundary. This type of bending of light rays is called 
refraction. ^ 



33* ^ glass prism bends a beam of light. 
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Fit» Beams of licfht .iie l)eut by a icclani^uLii piece of ijlass. Note that the final 
diicction IS the same as the oiiqinal one. 

REFRACTION 

Why do the legs of tlie man in I'ig. 35 appear so short? 

Look at Lig. 36. A lay of light from the man’s feet at 
A travels upward at a glancing angle toward surface of the 
water at li. It then bentls toward the eye at L* 'Fhe eye 
jfltlges the ray to ha\e travelled in a stiaight line and there- 
fore secs the Icet at D, higher than they really are. 

Now let us return to the pencil in water (Fig. 32). As 
you look at the top of the water the pencil point ajipcars 
higher than it actually is, for the same reason that the 
feet of the man in the water appear higher than they are. 
That is why the pencil looks bent when viewed tluough 
the upper sin face of the watei. 

Fig. 37 is a view' of the top of the same rectangular 
tank of watei seen in Fig. 32. One ray of light from the 
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I'jq J7 Rdijitjon al ra(h sidt oJ iIk tank taus(s (\tia iinaufrs 

pencil (/I) reaches the eye (/t) by travelling through the 
water to the side of the tank at li. It then bends by 
lefraction towards K. The eye, however, judges the ray to 
have come from a point directly behiiifl B, at C. Similarly 
a ray from A, striking the other side of the tank at /), will 
bend toward the eye ^ K) and seem to come horn F. Thus 
an image of the peiuil appears in each side of the 
rectangular tank 

•i^\nother point to notice in studying l'’ig. 32 is that light 
is reflected from four sides and the bottom of the tank and 
even from the underside of the water. In fact, there is 
always some reflection whgnever light strikes the boundary 
between different materials. Five such reflections arc seen 
in Fig. 32 {!), E, F, G, and H). 

Try the experiment of putting a pencil into a transparent 
rectangular tank, as shown in Fig. 32. By looking at the 
tank from different positions, you should be able to see 
more than a dozen separate images. 
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REFRACTION IN EVERYDAY LIFE 

The eflccts of refraction of light can be observed every day. 
For example, if you look carefully through an ordinary 
window, the straight lines of distant buildings often appear 
bent and distorted. These distortioi'S are due to imperfec- 
tions in the glass. If the glass were perfectly smooth and 
both sides parallel, everything would apjrear straight. Light 
would then pass through without any change in direction, 
as it docs in Fig, 3/^.. Waviness in the gla.ss makes it refract 
light so that the rays passing through change their direction 



Imi* RdractKHi tif hy thr atiiuisp)i<'ir causes the sun to apfX'ar flattened at 
sunst i 




slightly. As a result objects seen through the glass appear 
to be in somewhat different positions from where they 
really are. 

Refraction occurs in air as well as in water. Fig. 38 is a 
photograph of the sun taken from a mountain-top just 
before sun.set. Notice that the .sun looks slightly elongated. 
Light rays enter the e.irth's atmosphere from outer space. 
J'ist as the pencil seemed to bend when it was put into 
water, so the rays of the sun bend .slightl). as they go from 
one layer of the atmosphere to the next. 'I'his bending 
causes the sun to .seem higher in the sky than it leali) is, 
just as the feet ol the man standing in the water (Fig. 35) 
seem to be higher than they aetually are. The lower the 
sun is in the sky, the nu.rf* i.s ravs bend. d'hcrel()re, the 
bottom of the sun in I'ig. 38 seems c'lo.ser to the top, thus 
causing the sun to appear flattened. 

Do the sun’s rays ever strike the earth without bending? 
Notiee that the light rays are not bent as they strike the 
prism at .1 in f'ig. 3(). The rays enter the glass at right 
angles to the surface. Only at a right angle can a light ray 
pa.ss into a new material without bending. When the sun 
is direetly overhead, its rays strike the earth’s atinosphere 
aj jiidii angles, and light rays then enter the air without 
bending. At all other po.sitions som<‘ bending of light occurs. 
Since the sun i.s direetly overhead only in the tropics, no- 
body in the British Ish's ever sees it exactly where it is 
in space. 

The same thing holds true for the moon and the stars. 
When astronomers observe the stars and planets through 
large telc.sco})es, they must take into account changes due 
to refraction. Such changes must be con.sidered when 
rockets are aimed at the moon. 



tig 30 No bending occurs when light ra\s strike a surface at right angles Notice 
how the beam is n flee tc d from the inside surtace. 


MIRROR RIsFLEGTIONS 

Fig. 39 Jells us more about refrartion. The three rays that 
strike surface A at right angles are completely rellecteA-«.t 
surface li. They then strike C at right angles and get out 
of the prism without bending. 

Why does this happen .’In Fig. 40 a series of rays are 
coming from a source of light (/I) inside a tank of water. 
Ray B strikes the surface of the w'ater at a right angle and 
passes into the air without bending. Rays C, D, E, and F 
bend as they go into the air. Notice that ray F comes out 
almost parallel to the surface of the water. But ray G strikes 
the inside surface of the w'ater at such an angle that it 
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Fig. 40. A light ray is rcll^'ctccl as it strikes ilic inner surface of a transparent material 
at a glancing angle. 

cannot be refracted into the air, and is reflected back into 
the water. Rays such as G, which strike the air-water 
surface from inside tlie water, are said to be beyond the 
critical angle, and are reflected rather than refracted. 

Similar reflections, fi jm the inside surface of glass, are 
shown in Fig. 41. Mirror reflections can be seen from inside 
the .surfaces of the glass at A . nd at li. You car^ observe 
reflections inside a glass of water or in a fish tank. 
Look upward at the under-surface of water in a glass. 
Then put your linger into the water and you will see its 
mirror reflection. 

Prisms .similar to the one in I'ic 39 are used as reflectors 
in binoculars and some telescopes. The metallic coatings of 
ordinary mirrors tend to corrode after a few years because 
of the chemical action of air, but a glass prism will last 
almost indefinitely. Therefore, the better optical instru- 
ments have prisms as reflectors rather than mirrors. 


E 
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I’li; Notur th< iiinioi ina[>(‘s caiivd hv tt*n<cti<)ns oi fiom iiisiclc the c^lass 
at thr hottoni and l(it snii.ut 


MIKA(.» S 

Whilf ncliii,i> in .i car on a sunny clay \ou may have 
nolic'ccl a ‘pool of water’ on the road ahead. But as yciii’ 
car approaches the ])uddle, the water disappears. The 
‘water is an optical illusion a mirage. Fig. 42 is a photo- 
graph of such a mirage. The water that you seem to see 
under the distant car was not present at all at the time the 
photograph was taken. It was not even necessary to 
approach the ‘water’ to make it disappear. Fig. 43 shows 
the same scene phott\graphcd a moment later with the 
camera* raised several feet. The ‘water’ has practically 
disappeared. 
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^'8- 43* When the camera was raised a few feet, the mirage in Fig. 42 disappeared. 
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Cool 


Ground 

Mirage 



Fig. 44.. Light ra\s v ausr the mirage in I’lg. 42 l)y bend- 
ing upward as thev jiass from warm to cool air. 


Why docs this happen? On a sunny day the road heats 
up and the la\er of air just above it becomes very warm. 
The air a bit higher remains cool. The dilferent kinds of 
air fcool air and warm air) cause lii?ht to bend, Just as it 
bends wlien passing from air into water. 

I'ig. sliows the wav in which the light bends. Rays 
moving almost j)arallel to the ground and slightly down- 
ward are bent so that thev travel up toward your eye. You 
then think that the rays of light c()mc from the ground. 

Why do you gel the illusion of water.’ A distant ])Ool of 
water will rellect rays of light from the .sky and make them 
bounce up toward y{)ur eye. You then sec a bright aiea of 
light that appcMis to come from the ground. You learn by 
experience that such bright areas are simply rellections of 
light I'rom v\at(‘r. riicrefore, when you sec a similar brigl>V 
area in the road caused by refraction, it looks so much 
like a relle< tion from water that you think it is caused by 
water. 

You may have read how travellers lost in the desert 
sometimes see water ahead and run towards it, only to 
have it disappear. I hey are attracted by a mirage similar 
to the kind you sec in a road. The long, flat, hot stretches 
of desert increase the effects, and a mirage of an entire 
lake may appear in the sands. 
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45 This* ‘castks m-thc-aii* miracle occurred ovti a cool flat marshy area 

k. A diflereiit kind of mirage is ^'*en in Fig. 45 Trees and 
houses appear in the sky above the horizon. The sky 
mirage is the opposite of the pool-of-water mirage. It 
appears above the horizon rather than below it, and is 
caused by cold air near the ground rathei than by warm 
air. It sometimes appears over a flat, marshy area, where 
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4f). J l«»* iinr.it'r is rausrd l>y irfractioii of lit^ht as it passrs from rolcl air near 
tlir to warm air aliovr. 


water in th(“ niarsli cools the warm air just above the 
ground. I’ig. 4(1 shows how the light coming from a distant 
tree (. 1 ) bends as it [lasses from cool air to warm air. The 
eyes sees the light coming from above the horizon at B. 
An enlarging elfecl may also occur similar to that pro- 
duced by a magnifying glass. The result is the enlarged 
ghostly image of trees and houses in mid -air^ 

A sinplar effect causes the twinkling of stars. As light 
from a star passes through the atmosphere, it encouniterb 
m(\ving currents of warm and cold air. The light wave is 
refracted and its direction changed slightly as it passes 
from one kind of air to the other. And, since the layers of 
warm and cool air move around, the star seems to shift 
its position rapidly. In other w'ords, it twinkles. 

The same effect may be observed by looking over the top 
of a hot radiator, or the top of a dark-coloured car stand- 
ing out in the sun. Objects seen across the top of the hot 
radiator or car seem to shimmer and wiggle because of 

64 



the changing refraction of light as it passes from moving 
cold air to warm air. 

Notice the shadow cast by a hot radiator, stove, or flame 
when it is in sunlight. Look at the wall or floor just above 
the hot part. You see a moving, wavy pattern of dark 
lines. These lines are caused by the refraction of the sun’s 
light as it passes from cold to warm air and back to cold air. 

REI-R.VCTION PROBLEMS 

I. The metal ball in Fig. 47 is a tra\elling at a speed of 
10,000 miles per hour. What caused the curved lines 
that arc seen in the air around the ball? How can 
we photograph anything going so fast ? 



Fig. 47. The waves caused by this bullet, travelling 10,0.00 miles per hour, are made 
visible by refraction of light passing through its shock wave. 
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2. The girl in Fig. 48 is breathing out air under water. 
Since we live in an ocean of air, it is usually invisible, 
while water is visible. But in Fig. 48 the situation is 
reversed. The air is visible, the water is not. Why ? 
Now compare your answers with those on pages 147-8. 



I ig 48 Why IS the air visible and the water almost invisible ^ 
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PART II 


Different kinds of light 



What is light ? 

You may think that this is not a practical question. But, 
in fact, the study of the nature of light has led to our giant 
radio, television. X-ray, radar, and other electronics 
industries. Atomic energy could not have been developed 
without a knowledge of the nature ot light. 

^Scientists classify visible light as just one of many dif- 
ferent kinds of ‘electromagnetic waves’^ Fig. 49 is a chart 
of these waves. '1 he small, dark section just below the 
middle of the chart . represents the region of visible light. 
Above and below it*^e other electromagnetic waves, very 
similar to light. You might call them ‘invisible light’. 

None of these types of light were known before the year 
1800. Since that time scientists in many landsmave pushed 
the boundaries of our knowledge outward. As a result there 
are today thousands u|)on thousands of practical uses for 
the new kinds of invisible light that have been discovered. 
Son>e of these uses arc indicated in Fig. 49. 

How were these forms of invisible light discovered? You 
will lind out in the chapters that follow. 
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THE SPECTRUM OF ELECTROAAAGNETIC WAVES 


Frequency 
(cycles per second) 

10,000 

100,000 

1 . 000.000 

10,000,000 

100 , 000,000 

1,000,000,000 

10,000,000.000 

100.000. 000, UOO 

1.000,000,000,000 

10,000.000,000,000 

100,000.000,000,000 

1,000,000,000,000,000 

1 0.000,000,000,000.000 

/OO.OOO, 000,000,000,000 

1 .000.000,000,000.000.000 

1 0.000,000,000,000.000,000 

1 00,000,000,000,000,000,000 

1 .000.000.000.000.000,000,000 


1 0 , 000 , 000 , 000 , 000 , 000 , 000,000 



(Note: Boundaries are approximate. Wave 
areas overlap from one region to ai 




Ship to shore 
communication 


^ Long wave radio 

Regular radio broadcasting 

Short wove diathermy 
Radio astronomy 
Short wave radio broadcasting 
Television channels 
FM broadcasting 

UHF (ultra high frequency) television 



I \ Sunburn 

I ^Blo<‘ light 

Germ killing 

Dental 
’ Medical 
Industrial 




' Cancer treatments 
Radiation ii atom bombs 
Radiation from radium and 
other radioactive metals 


From outer space 
Radiation from high voltage 
atom smashers 


Fig. 49. Elrctrornagnctic waves. 
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6 Light waves 

Why floes lif?ht bend as it passes from air into transparent 
materials such as water or glass? Why is light reflected 
when it strikes objects? 

In the seventeenth century two different explanations of 
the behaviour of light were debated by scientists^Christian 
Huygens lluHight that light was some kind of wav^ On 
the other hand^saac Newton believed that light consisted 
of a stream of bullet-like partii lesp 

Huygens got his idea about light waves by observing 
how water vva\es behave, fig. 50 is a photograph of a water 
wave made in a shallow gla.ss tank. 'I'he camera w'as placed 
above th<‘ tank and a light below it. 'I’he cii'cular area A 
is the place from which the wa\e.s start. 

Notice how waves li, (J, and D spread outward in the 
form of a series of circles with their centres at the starting 
point . 1 .^ 0 bser\e how' the wave is reflected from w'all E at 
the left side of the tank in such a way that it reverses 
direction but still keeps its circular shape {F). 

^According to Huygens, a light lay is simply the direction 
in which the wave ttareLs,^s shown by the straight lines G and 
// in f'ig. 50. 'I'he direction of the reflected waves at I 
follows the rule that a reflected ray bounces ofl' a surface 
at the same angle it strikes the surface. And notice that 
the point from which the new wave seems to come, is as 
far behind the reflecting surface as A, the starting point of 
the original wave, was in front of it. These properties of 
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1mi(. fjo I’Ik* motions of light waves greatly resemble those 
ol w citci w a\ es 


reflected water waves seem to match those of reflected 
light. 

^According to the wave tlicory of light, a luminous object 
like a lamp or the sun is one that gives off continuous 
scries of waves, one after the othcr^ycry much like those 
.in Fig. 50. However, such waves would be pictured as 
travelling outward in a spherical (ball-shaj)ed) form, rather 
than in flat circles like the w'ater waves in Fig. 50. 

How is refraction explained by the wave theory 
Fig. 51 is a photograph of straight water waves travelling 
from left to right in a flat tank. The .section ol the tank to 
the right of the line AH is built so that it is shallower than 
the section on the left. As a result the waves slow down 
when they reach AH. The lower part of a wave ((/') arrives 
at the shallow section sooner than the upper part {D). As 
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a result puit C, is slowed down, while the upper part [D) 
continues at the same speed, ’^riius the upper part of the 
wave advances farther than the lower [jart. I’hc wave then 
swinj3js aroiYnd, changes its direction, and is refracted. The 
original direction of inotioti {(HI) ( hanges after the wave 
(A’/*') enU'is the shallow, slow [)art of the tank. The lew 
direction of the wave is HI. 

Huygens said that light is refracted when it passes from 
air into wat<‘r or glass because the part of the wave in the 
new transparent material slows down, swerves, and changes 
direction, just like the water wave in Fig. f)i. On the way 
out the bending occurs in the oppo.site direction because 
the wave spc'eils up as it goes frr)m water or glass into air. 
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The refraction that occurs in mirages is easily explained 
by Huygens’s wave theory. Fig. 44 sho\N's the waves as al- 
most \'ertical lines. The tops of the waves, in cool, heavier 
air, move more slowly than the bottoms, travelling in light, 
warm air. Thus the wave swerves and bends upward. 

This process resembles the way in which a line of soldiers 
on parade wheel to the right or left. The inside man slows 
do'^'n, while the outside man maintains his pace. As a result 
the entire line swings round and changes direction. 

Study Fig. 46, which shows a mirage ir which light 
bends downward. In this case the cool, heavier air kijj^elow 
the warm, light air. The bottoms of the waves therefore 
slow down and they bend toward the ground. 

WAVKS OR PARTIor.KS? 

Huygens’s theory that light is a wave motion seems to 
explain rellection and refraction. But it does not fnove that 
the theory is right.^ftsaac Newton believed tliat light was 
made up of bullet-like particles that bounced olf objects to 
cause reflection of light. He explained refraction by imagin- 
ing that there is a force of attraction that pulls a light 
particle as it approaches a m.itcrial. The material will 
then' pull a particle away from a straight path closer to 
itself, thereby causing refraction) 

C According to Newton, the particle of light, which he 
called a ‘corpuscle’, would be speeded up by the attraction 
of a transparent material as it passed into it from air. But 
according to Huygens, a light wave had to slow up when 
passing from air into a transparent material. One way to 
find out who was right was to measure the speed of light 
in a material. But scientists did not have the equipment to 
do this in Newton’s time. 
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Fig. *)'Ji Waves fiom two (liffrrrnt sources can ‘interfere* and cancel each other where 
the crest of one wave meets the trough of another 

Mainly because of the great respect scientists had for 
Newton, they accepted his theory rather than that of 
Huygens. However, in the early part of the nineteenth 
century, experiments were performed that seemed to 
favour the wave theory. Scientific opinion began to shift. 
Then in about 1H50, the speed of light was measured in 
water. It was shown to be less than in air. This seemed to 
prove that the wave theory was correct beyond any doubt 

INTKRrLRK.NCK OF I.IGIIT 

One of the strongest arguments in favour of the wave 
theory is provided by an optical effect known as interference. 
Look at the pattern of the two sets of water waves in Fig. 
52. The waves radiate outward from the points A and B, 
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and then pass through each other. You will notice that at 
some places the wave from A seems to join with the wave 
from B to make a strong wave (C, D, E). But at other 
places (F, G, H) the waves join in such a way that they 
seem to cancel each other out and cause a quiet area. Why 
does this happen? 

Fig. 53 shows a typical wave. It consists of a series of 
high parts or crests, followed by low parts, or troughs. An 
object floating on the water will move up with the crest of 
one wave and down with the trough. But suppose that the 
crest of one wave and the trough of an equally strong wave 
arrive at the same place at the same time. The waves will 
then interfere. The upward motion of the crest from one wave 
will be cancelled out by downward motion of the trough 
from the other. If the two sets of waves have the same wave 
length (distance between crests), the region where crests 
meet troughs will be still, even though waves are passing 
through all the time. F, G, and H are the regions of still 
water in Fig. 52. The regions of wavy water (C, D, E) are 
those where crests meet crests and troughs meet troughs. 

The wave theory of light proves quite useful in such a 
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1 [nt( ifriiMw r of In'll! IS put to piactual use in making ‘optical flats* The 

straii'ht liTKs in \ show th.i! ilic suilac* is acdiiatcls flat to one millionth of an inch. 


practical matter as the manuractuie of precision machinery 
and optical iiistniments of high (piality, where it is neces- 
sary to measure lengths with great accuracy. Fig. 54 sllow's 
how intt‘1 ferciu e of light is used in making an ‘optical flat’ 
that i's aciuiate to within a millionth of an inch. An instru- 
ment known as an infn/nonictn compares the light patterns 
formed by leflection from a standard optical flat with the 
one being manufactured. In some areas the cre.sts of light 
waves horn one flat meet the crests from the other to form 
bright bands. In other areas the crests meet troughs and 
interfere to form dark bands. Slight imperfections in the 
surface cause a wavy pattern (Fig. 54B). The nature of 

76 




I icf 55 When two polarizing rnatciials ar« ‘ crossed’, no li^ht comes threiuijh 


the wavy pattern gives a clue about how the flat surface 
should be polished. Alter proper polishing, the pattern 
would appeal as in big ')4A, which is accurately flat to 
within a millionth ol .in inch 

C'fhe way in which the wav thc-ory ol light exjilains 
intcVleicnce is very strong evidence that the* flic*ory is 
correct Nobody has been <ible to c*xpl.un interference in 
a satisfactory w.iy by the particle theory ol light. 

POI ARI/ AT IC)\ 

Additional evidence lor the wasc thc*ory is provided by 
polanzalion ol light. 

In big. lic[ht is rellec ted horn a surface behind two 
polarizing discs Notice that you can sen* the striped back- 
ground through the discs, where they do not overlap. But 
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where they overlap there is a dense black area, and no 
light comes through. 

We would expect the ov'crlapping area to appear darker, 
hut why is the light blocked completely? If each disc lets 
through a portion of the light, why shouldn’t at least some 
light come through the overlapped discs? But it doesn’t. 
Moreover, when one di.se is given a quarter turn (90”), the 
light comes through both and the black area disappears, 
(It is (lidicult to see how it would make any dilferenc? to 
a bullet-lik(“ particle whether a sheet of material through 
which it was passing was turned or not. But it does make 
a (lilh'rcnce to a wave.^ 

lift us picture tli<“ situation in terms of a wave in a rope. 
I'ig. f)() sho\Ns a \\a\e produced in a rope, jiassing through 
two slotted boards .1 and li. 'Die uj)-and-down rope waves 
easily go thiough the vertical slot ol board . 1 . But the slot 
in board li is lioii/ontal, across the up-and-down motion 
of the rope, and tlie wave cannot get through, riuis the 
.section ol tojie between li and the hook remaitis straight. 

Suppose th.il till* board li is given a (ptarter turn and 
made veriic.il. It would then let the wave come through. 

.•\ wave is said to be ‘polari/eil’ when it vibrates in one 
direction*. Normally, light waves are unpolari/ed. Sfi»me 
are like water waves and vibrate up and down as they 
mt)ve forward; others vibrate from sivle to side. When light 
waves pass thiough a |>iece of polari/ing material, they 
come throitgh vibrating in only one direction. They are 
polarized. If polari/etl waves reach another piece of polar- 
ized material, they will be stopped completely if the .second 
]>iece is placed with its ‘sloLs’ at right angles to the first 
one. But if the jnilarizing pieces arc parallel to each other, 
the waves will get through. 
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1*115 ^6 ^ VNa\r HI d rop)c will pass thiough a slot in a board onlv if the slot is parallel 
to the \ibiatioii of the wave 


A ROUBLE STANDARD 

Ot might appear that the case for the wave theory of light 
has been proved. And so it seemed before 1900. But later 
in the book we shall give some of the evidence that points 
to the existence of packages or bundles of light energy. 
Scientists are now in the peculiar position of sometimes 
using the wave theory and at other times a particle theory. 
They look forward to the time when some genius will 
work out a theory that will explain light more completely." 

In our next chapter we shall see how the wave theory 
helps to explain colour. 
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ILLUSION PROBLEM 


Fi^. Cjy shows two glass tubes standing in a jar half full of 
liquid. A strange thing has happened to one of the tubes — 
it has disappeared in the liquid. Try to work out why. 
'J'hen turn to page 148 for the answer. 
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7 Colour and the spectrum 


Colour plays an important part in our lives. We spend 
hu idrcds of thousands of pounds each year to make our 
homes, clothes, furniture, magazines, and posters more 
colourful, and therefore more pleasing. Yet few of us stop 
to ask the question, ‘What is colour.-” 

Chemists can analyse the chemical contents of a com- 
plicated material by studying the colours it produces in a 
flame. A detective can use thi, jjrocess to tell whether a 
paiticular bit of dirt on a suspect’s shoe came from the 
scene of a crime. The nature and siructure of atoms can be 
woikecl out by analysing colour, and this information has 
helped to develop theories about atomic energy. 

WHAT IS COLOUR ? 

Isaac Newton performed experiments in ibGq that became 
the basis for much of our km wledgc about colour. He 
.ob^rved a narrow beam of light passing through a tri- 
angular prism (Fig. 58). The white light split into a 
coloured beam, a specif um, made up of the following 
colours: red, orange, yellow, green, blue, indigo, and violet. 
Newton then put the colours together again to form the 
original white light. But when he tried to break up each 
of the colours of the spectrum still further, he did not suc- 
ceed. The colours of the spectrum seemed to be basic. He 
concluded that white light is composed of all the colours 
of the spectrum. 

81 




Red 

Orange 

Yellow 

Green 

Blue 

Indigo 

Violet 


4 What causes difFcrcnccs in colour? Newton thought that 
tlierc were clifrercnt kinds of light ‘bullets’. One kind pro- 
dueed the efl'ect of red, another blue, and so forth. Accord- 
ing to Huygens’s wave theory, which we accept today, the 
different colours could be explained by assuming that each 
kind of wave had its frequenc^{F\g. 59). Frequency is 
the number of vibrations per second in the wave. For ex- 
ample, if you stand in water and count the waves that go 
by, you will fiml that different waves have different fre- 
quencies. In one minute you might count too ripples 
reaching*your leg. The frequency would be 100 waves ‘per 
minute. But it a boat should go by, it would cause waves 
of a lower fiequency. 'fhen perhaps only ten waves would 
reach you in a minute. 

Closely connected with the idea of frequency is that of 
wave length. We have seen that one wave length is the 
distance between the crest of one wave and the crest of the 
next one. Fig. 59 shows two waves. A has more ups and 
downs (more waves) than B. Wave A therefore has a 
higher frequency. Now notice their wave length. The crests 
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Sho.’t wavelength 


High frequency 



Long wavelength Low fr -quency 



fig. 59. High-frequency waxes have short wave lengths. Low-frequeiK y wavt's liave 
long vva\e lengths. 

of wave A are closer together than those orwa\e li, (horefbre 
the wave length of .-1 is less than that ol' B. A hiiiher 
frequency (more waves) means a lower wave leiigl/i (wa\’cs 
closer together). 

^ Scientists are able to measure the wave length and 
frequency of the dilferent colours of the spectrum. Red light 
waves have a frequency of 373 billion waves ])er second, 
and violet waves 750 billion. The wave lengtli of red light 
is about 1/30,000 inch; of vioh t about i/(')5,ooo inch.^ 

, Why does a spectrum form when white light passes 
through a triangular glass prism ? h'ig. 33 shows a beam of 
light bending as it passes through a triangular glass prism. 
And in Chapter 6 we learned that a beam of light bends 
(is refracted) when it enters glass because it slows down. 
Violet light waves slow down more than red; therefore 
they bend more. The red and violet waves in a beam, of 
white light therefore reach different places on a screen 
after they pass through the prism. This separation of the 
colours of white light into a spectrum is called dispersion.'^ 
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EXPLAINING COLOURS 

r 

^Why do some objects appear red, others green, and still 
others blue ? A red object reflects red light, and little green 
or blue light. When you look at a red object you see the 
red light but not the other colours. In the same way a 
green object reflects mainly green light, a blue object main- 
ly blue light. A white object reflects all colours. A black 
object reflects no light. A grey object reflects about half of 
the wlpte light that reaches it. 

What happens to the colours that arc not reflected? 
I'hcy are ahsoihed by the object. The energy of such ab- 
sorbed wa\es is turned into heat. Thus the darker the 
colour, the more it will heat up in sunlight.^ 

(M any dilferent combinations of colours may be reflected. 
For examjile, an object that reflects red and blue but not 
green appears magenta. An object that reflects blue and 
green but not reel appears blui.sh-green. An object that 
relh'cts red and green a])pears yellow.I 

.\ colour is ilark or light according to the percentage of 
light it reflects. For examjjle, an object that reflects 90% 
of the red light striking it and 70'^ ^ of all other colours 
looks reddish-tinted white, or pink. On the other hand, an 
object tlliat reflects about f)0'*o of the red and green and 
only 2o'’o of the blue looks dark yellow, or tan. The enor- 
mous varieties of colours that we observe — brown, mauve, 
cerise, atiuamarine, dark red, light blue, lemon yellow, and 
.so on -are due to the difl'erent percentages of reflection of 
the dilferent colours of the spectrum. 

The colour we see also depends upon the way in which 
the brain interprets the signals it receives from the eye. 
Recent experiments indicate that the psychology of colour 
vision plays a very important part in determining the 
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particular colours we see when different patterns of 
coloured light enter the eye. 

COLOUR IN NATURE 

Have you ever made a rainbo^^ ? It’s quite easy. Just 
stand with your back to the late afternoon sun and spray 
water in front of you with a garden hose. Or if you are 
standing in water turn your back to the sun and splash 
water in front of you. A circular rainbow will appear in 
the spray. It is the same kind of rainbow as that formed 
by a rain cloud in the late afternoon sun (Fig. 6o). 

A rainbow appears when white light from the sun is 



Fig 6o Rainbows an tausrd bv rt flections and n frd( lions fic>iii billions t>l dioplcts 
in a ram cloud 
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sepal atfd into its spectrum colours as it passes through 
water clroj)lets in the air. You can see a rainbow only when 
the sun is .shining behind you. Rays of sunlight striking 
the billions of water droplets in a rain cloud are refracted 
as they enter each droplet. The dilferent-coloured waves 
in the sunlight bend a certain amount, and are dispened or 
spread aj)an. 'I'hese ra\s then reflect from the back surfaces 
ol the raindrops T'vard your eye. The various-coloured 
wa\'es*arri\ e at your e)e from different directions because 
of dispersion. Hut they can reach your eye only if there is 
a eeitain angle b'tween \ou and the droplet and the sun. 
'I heiefore \ou see a ling of red colour in the sky wherever 
tlroplets are in just the right jiosition to send red W'aves to 
your eye. X'iolet waxes arrive from another position, and 
\ou see a sepai.ue ring of violet light. The same thing is 
true of the other colours. Therefore a circular spectrum — 
or rainbow appears in the sky. 

In Fig. ()o there is a second rainbow (.1) round the 
main one \lh. \ double rainbow is formed by double 
reflections inside the droplets. On rare occasions more than 
two rainbow rings are seen when the light rays take 
ililfereiy paths inside the droplets. The additional rainbow 
ring.s at in I’ig. t)o were formed in this way. 

\Vh\ is the .sk\ blue.’’ Why does the sun appear red when 
it rise.s or sms.' These (piestions are closely connected. As 
ra\s of light pass through the air, they meet dust particles 
and tin\ drops of water. Some of the light is absorbed and 
turned into heat, some is scattered, and the rest passes 
straight through. Now the blue light in sunlight is scattered 
much more than the red and more of the red light goes 
straight through. 

Wheir the sun is low in the sky, the light must pass 
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through a greater thickness of air than when the sun is 
overhead. In the long journey through the air a great 
deal of light is scattered sideways. For that reason you can 
look directly at the sun at sunset, but not when it is over- 
head. And since more blue light is scattered than red, a 
higher percentage of red light goes straight through and 
the sun appears red at sunset. 

What happens to the blue light that does not get 
through? Most of it is scattered in all directions by the 
dust particles. As a result we see blue liglit coming from 
all parts of the sky, and the sky ap})ears blue. 

What does the sky look like out in si^ace ? Since there is 
no dust in the air to scatter the blue ra\s, tlie sky is not 
blue at all; it is jet black. Space travellers nill .see the stars 
in a jet-black sky, even with the sun shining brightly. 

TIIK SPECTRUM 

dow many colours arc there? 'I’here are so many tlilfereut 
colours that they can't be ctniuted. In the lirst place one 
light wave is a dilfercnt colour if it has a fre(|uency slight- 
ly dilferent from anotlier wave. We can also, combine the 
various frcc|ueucies in many dilferent na\s. rims we can 
say that the number ofcolours is practically infiiiilc (^o great 
that it cannot be counted). 

This docs not mean that we can Mr how all the colours 
differ. Our eyes can distinguish clilfereiu'es ouh bet^veen 
broad ranges of colour and not between freciueiieies close 
together. But with the aid of an instrument called a 
sfh’choscof)e we can aualy.se the colours in ain kind of light. 
The spcctrosco{)e. is one of the most useful instruments 
known to science 

One type of s{^ctro.seope makes use of a triangular glass 



prism. I’hc prism breaks up a beam of light into the 
different colours ''frequencicsj and spreads them out in 
the form of a spectrum, as we have seen in Fig. 58. Lenses 
are used to form clear and sharp images of this spectrum, 
which may then be either examined with the eye or 
phf)tograj)hed. 

The si)cc.trum of light from an incandescent lamp shows 
rK)thing unusual. The broad bands of colour range from 
refl to violet. Such a S|)ectruin is called continuous. But if we 
iak(‘ any substance and heat it sufficiently in a flame, or 
place it in the centre ofan electric spark, then the spectrum 
becouK's :i spectrum, composed of separate 

colouied lines, liach substance has its own pattern of 
coloured lines in the spectrum. VVe can study the sjjcctrum- 
line paitern of a substance and u.se it as a ‘fingerprint’ to 
detect the pre.seiu e of that substance. 

fig. ()iA is a veiy small portion of a spectrum formed 
In iron burned in a s|)ark. I’he bright lines that you .sec 
are found in these j)ositions only in the spectrum of iron. 
Directly Ix'low it I'fig. fiiBj is a spectrum of the sun’s 
light taken with the same instrument. 

.Notice that the sun’s sjiectrum contains dark lines on a 
light b;ft kgi()und, while the iron spectrum contains bright 
lines on a dark background. For every bright line in the 



rn?. f)i. Iron sprdniin hnrs TA) in the spectrum of the sun (B; reveal the presence 
of iron in the sun. 
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iron spectrum there is a dark line in the same place in the 
sun’s spectrum. What docs this mean ? 

A bright-line spectrum is formed whenever a substance 
is heated to a gaseous state at very’ high temperature. But 
what happens if white light is sent through a relatively 
cool gas of a substance? We then find that the cool gas 
absorbs the same frequencies of light that it would emit 
(sc’^id forth) if it were very hot. These absorbed frequencies 
(colours) are then subtracted from the white light passing 
through. Therefore, the resulting spectrum appears with 
dark lines. Such a spectrum is called an (iI)soi/)iio>i sptcthan 
or dark-line spectium. The dark-line ‘iingerprints’ in the 
spectrum of a substance occur in the same places as they 
would appear in a bright-line sj/eetrum for that substance. 

The sun consists of an enormous ball of hot gas. Its 
surface gives out a bright continuous spectrum of white 
light. But it is surrounded by relatively cooler layers of gas 
containing many dilfercnt substances, hach substance then 
absorbs particular frequencies. 'I'hus, as we \'iew the 
spectrum of the sun, we see dark lines for each substance 
in the cool outer layers of the sun. 

Docs the sun contain iron? Dark lines for iron appear in 
the sun’s spectrum (Fig. (>i). Therefore we are qilite sure 
that there is iron in the .sun. In the same manner, more 
than .sixty elements (basic substances) found on the earth 
have also been found in the sun. 

One substance, helium, was found in the sun before it 
was found on earth. A ])attcrn of lines apj)eared in the 
sun’s spectrum which was produced by no substance 
known on earth. A hunt then started to lind a material 
that formed the same spectrum. Finally, it tvas found in a 
gas given off at some oil wells. When the gas was analysed, 
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one part of it gave the same spectrum as that noted on 
the sun. The substance was named helium after the Greek 
sun god, Helios. 

The spectra of most of the substances found on earth 
have bc(“n carefully catalogued and published in books. If 
a bit of a substance is burned in a spark or flame and the 
sjjcctrum analysed, it is possible to compare the spectrum 
lines with those of the substances listed in the catalogue. 
We can then tell what substances the material contains. 

Su])pos(‘ that a detectixe suspects someone of having 
comniitted a burglary. A window has been prised open 
witli a tool. 'I'he detective finds a jemmy in the suspect’s 
car and notices that a bit of paint on the jemmy is the 
same cf)lour as the windenv frame. This is a clue that the 
sus|)ect used the jemmy on the window, but it isn’t proof. 
'I'he detective sends small .samples of the paint on the 
jemmy ancl on the window frame to the laboratory. The 
samj)les ar(‘ Iturned in a sjiark and the spectra are photo- 
gra])hed. If both spectra show exactly the same lines, then 
w<‘ are practicall) certain that the paint on the jemmy and 
on the window frame is the same, and we have evidence 
that the suspect used the jemmy to open the window. 

'I’he .sp<“ctrosK)])e is amazingly accurate. For example, 
the spectrum in Fig. 6i is a small portion of a large one 



Vioiei 




Red 

1 


11 1 

11 


1 



« - aA. 

a. ..A. 




B 

\ 

! 

L 


i 

1 


Gj. a sKifi uf spectrum lines of a star toward the violet indicates that it is 
approaching us. 
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thirteen feet long. When a photograph of such a large 
spectrum is examined with a microscope, tens of thousands 
of lines can be identified and measured accurately. In this 
way even a tiny trace of a substance can be detected and 
the amount estimated from the appearance of tlie lines. 

COLOUR IN ASTRONOMY 

Some stars are red, others yello'v, and still others white. 
Astronomers have learned to classify the stars acejording 
to colour and spectrum. From this informadon about a 
star they can tell if it is a very hot star or a cool star, a 
giant or a dwarf. 

The spectrum of a star enables us to tell whether it is 
approaching the earth or moving away, and how fast. How 
is this done? 

fig. 62 A is a photograph of a portion of a spectrum of 
the bright star Arcturus. Directly below it (B) is a spectrum 
of iron. The vertical arrows show that dark lines for iron 
appear in the spectrum of Arcturus, but they are all shifted 
slightly toward the violet end of the spectrum. An astrono- 
mer would interpret this shift to the violet as meaning that 
Arcturus was moving towanls us at the time the spectrum 
photograph was taken. When the amount of shift is 
measured, it is possible to tell how fast the star was ap- 
proaching, In Fig. 62 the amount of shift indicateil that 
Arcturus was moving towards us with a speed of about 
twenty miles a second at the time the picture was taken. 

Why does this shift occur? Suppose that a star is moving 
towards us. Picture the ‘crest’ of a light wave starting out 
from a particular spot on the star at a certain moment. This 
wave crest is followed by another an inst<int later. But 
the time the second wave crest comes out, the star has 
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moved slightly towards us. As a result, the distance between 
waves is a bit less than it would be if the star were still. 
This means that the wave length is less and that the colour 
has shifted a bit to the violet (.short wave length) end of the 
spectrum. The faster the star moves towards us, the greater 
the shift towards the violet. 

On the other hand, if the star moves away from us, the 
distance between wa\’es will be a bit greater than normal 
and tlif spectrum lines will shift tf)wards the red. This is 
known as the ejfect. 

'file ineaMirenient of sj)ectra has led to important 
theories about the beginnings of the universe. Fig. C3A 
shows a galaxy, a large group of about a billion very 
distant stars. Fig. 63B .shows its spectrum. The white arrow 
points to a section of the .s[>cetrum with two dark lines. By 
measuring the amount of shift of these dark spectrum lines 
towards the red, astrononun's know that the galaxy is 
travelling away li'om the earth at 750 miles a second. 

I''ig. (>3(1 shows a much more distant gala.xy. It is so far 
away that its light waves lake 3")0 million years to reach us. 
It is said to be at a distance of 3f)0 million light-years. The 
horizontal arrow' pointing towards D .shows the amount of 
shift (»f t*lie spectrum lines in th(' direction of the red. The. 
galaxy is mo\'ing away frt)m us at the rate of 38,000 miles 
a second about one-lifth of the speed of light. 

Similar measurements of other distant galaxies show 
that all of them are moving away from us. And the farther 
they are, the faster they seem to move away. 

What does all this mean? Imagine that the entire uni- 
verse once consisted of a small very hot, very compact 
bundle of matter. Imagine, too, that it suddenly exploded 
in the most violent explosion of all time. Some parts moved 
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Fig. 63. Spectra (B and D) from distant galaxies ( \ and C') show largo shifts of lines 
toward the n d, thus indicating they aio spioding awa> fiom us at enormous velocities. 


out from the centre of tlic cx])losion faster than others. 
According to the principle of inertia, each bit of matter 
keeps going at the same speed in a straight line. There is 
no rubbing or friction out in space; ami once started, the 
motion of an object continues /fwcw, unless the object is 
jnilled back in some manner. 

Many astronomers think that an explosion in the remote 
j)ast caused the enormous speeds at which these distant 
galitxies move. This would explain why the mosi distant 
galaxies ha\e the highest speeds. 

When did such an explo.sion occur.-' Did it really happen? 
From the distance and sjjccd of the galaxies we can calcu- 
late how long they may have been moving away. It turns 
out to be more tlian thousand million ycais. 

Did our universe begin at that time? 

The ages of rocks can be measured by radioactivity. 
The age of the ocean can be calculated from the amount 
of salt it contains. These estimates, plus other evidence, 
indicate that the earth is about 4 thousand million years 
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old. If the universe is 5 thousand million years old, there 
would seem to be enough time for the sun and earth to 
have formed and for the earth to have cooled until it 
formed oceans and continents. 

But j)erhaj)s the shift of the spectrum lines towards the 
red is due to something else. Might it not be caused by 
s(jme unknown effect as tlic light travels for tens and 
hundreds of millions of years through space? Perhaps. Only 
time a?ul more scicmilic research can answer this question. 

A'l f)MS AND SPI n RA 

You have piobably .seen the picture of an atom in which 
pailides of matter called elections whirl in orbits round a 
central inuleus. It has become a symbol for science and 
atomic <‘nerg\. 

Yhis j)i(tuie of the 01 bits of atoms was developed by 
the D.inish scientist Niels Bohr in 1913. The clue to these 
orbits was piovich'cl by the lines in the spectrum of a star 
similar to the one shown in Fig. G|. Notice how the lines 
come closer and closer together toward the left end, up to 
a certain ])oint. 'I'his is part of a regular group of spec- 
trum lines called the lialmet seiies. 

Bohr was able to explain these lines with great accuracy, 
using the theotv that they are caused by electrons jumping 
from outer orbits to inner ones. With each jump from one 
orbit to another, an electron sends out light of a particular 
colour i^irecjucncv ). 

Today, spectrum measurements are one of the main 
methods by which scientists obtain information about 
atoms. It is probable that we would not yet have achieved 
practical uses for atomic energy w’ithout the studies made 
with the spectro.scope. 
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Fig. 64. Our picture of the atom was constructed w’lth the aid of the spectrum lines 
in this *Balmer series*. 

COLOUR PROBLEM 

Expert photographers use different coloured glass filters 
over the lenses of their cameras to produce different tlfects. 
Fig. 65B shows what happens when the camera lens is 
covered with a yellow filter. C4omparc the photograph 
with Fig. 65 A, taken without a filter. 

Why does the sky appear much darker in tlie photograph 
taken with a yellow filter? 

Now test your powers of observation by answering these 
questions : 

a. In which })ictui'e was the sun hidden by a cloud? 

b. Is the wind speed steady or changing ? 

c. Did the wind shift direction ? 

d. What is the weather like? Is the air moist or dry? 

e. What is the time of day (ap})roximatcly) ? 

f. * In what direction was the camera facing? 

• g. Which picture was taken first ? 

h. In what directirm arc the clouds moving ? 

i. Were the pictures taken at different times of ilie day ? 

j. Are all clouds moving in tlic same way? 

k. Was the camera moved ? 

Compare your answers with those on pages 149 and 150. 

SPECTRUM PROBLEM 

Fig. 66 shows the spectrum of one of the stars in the 
handle of the Great Bear. Spectrum B was taken two days 
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allfi sjM'tinim J. 'I'lic aiiows show how single lines in 
sprotiuni .1 s])lit into two lines in spectium B. The spectrum 
lines will <ome tot^ethei a^.iin at a latci date Still later 
the) will sepatate This piocess is lepeatccl evei) ^o-^days. 
Ilow do sou esplain this .‘Till n topatfe lyoloi theansweri 

1 ()<) Splitiiiii' nl till spdtiLiin lims fiojii a stai B; rc\(als (he fact that two stars 
arr lotatini; amund < at h otiit t 



8 Invisible Might’ 


Can you see in the dark? What a silly question! 

But it isn't really so silly. I'he fact is, you am sec in the 
dark, if )Ou have the proper equipment. You wil>nced a 
source of ‘invisible light’ and some means of detecting it. 

Fig. 67 is a good examjjle of what we mean. The women 
arc processing photographic lilm. Since i)rdinary light 
would ruin the film, they must work in the dark. You will 
notice that they seem to be looking straight ahead even 
though the work is below their eyes. 'I’liey can’t sec in the 
dark anyway, so there is no point in looking tlown. 

How was the picture taken? A sjiecial lamp gave olT a 
powerful beam of invisible inj'ia-ial w.ives and the camera 
iiserl a special lilm sensitive to these waves. Thus the 
])icture was taken in the dark. 

If infra-red waves are invisible, how were they Ibund? 
It all started in 1800 with William 1 lerst hel, who discovered 
•the planet Uranus. Ilerschel knew that the sun’s light 
caused heat when it struck an object and he wondered 
whether the dilfercnt colours in white light had dilferent 
heating ellects. So he placed a thermometer in the path of 
the spectrum produced by a p.ism. He found that red 
light heated the thermometer more than violet. But when 
he moved the thermometer into the invisible region past 
the red, he found that the heat increased. These invisible 
heat rays are now called infia-ied rays or waves (Fig. 68). 
The prefix ‘infra’ means below. The rays are really ‘below 
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1 ()7 I fiis pi( tuK in d filrn-mdkini; room was taken m complete darkness b> using 
in\ isit)lr intia icd id\s 


the red' i.»\s in the specltum; that is, they are waves of 
lower fiequen(\ than led 

Iiuisdjle r<i\s wcie also found be\ond the violet light 
at the opposite end of the spectium (Fig b8j. These rays 
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are called ultra-violet. The prefix ‘ultra’ means beyond. 
Therefore ultra-violet waves are really ‘beyond the violet’ 
waves 

What would the world look like if we could see it with 
infra-red waves ^ Fig bg shows two aerial photographs. 
The one on the left was taken with ordinary film. But 
the one on the right was taken with special ‘filters’ that 
absorbed regular light and let onl) infra-red waves into 
the (agiera 

Notice that the general outline of the roads, fields, and 
forests appears the same But the blacks, whites, and greys 
aie very diflcrent 1 or c'xample, the letters A and B show 
a small jxmd In the ‘tegular light’ photo on the left, the 
])oml appears gie\ against .i claiker background This 
ha|)pe ns ben .uise the water of the pond reflects slightly 
mote light (o the eameia than the surtounding land. 

On (he olhei h<itiel, the* walei .it B .ippearsjet black in 
the lull. i-t eel photo, while the laud aiouiid it is almost 
while 1 hiis the wale i m the jionel absorbs more of the 
iiili.i-ied i.i\s lliaii (he land 1 he land also looks chfleient 
ill bolh jihotogi aphs 

V\ e h.ive se‘e ii that (he sim appe.us red at sunset beea^-ise 
reel hghf peneli.itcs the ha/e and dust in the air better 
than olhei eoloiiis Iiifia-ied w.ivt's penetrate even more 
than leel fight l.ong-ehstanee aeiial photos aie therefore 
geneiallv t.iken with inii.i-ied cameras and film 

Anolhei impoitant use foi infra-red waves is shown in 
Fig. 70 When inlia-ied waves are passed through a 
sample of a mateiial, ceitain wave lengths aie absorbed 
and otheis go tluough An infra-red spectroscope will 
show which wave l(*ngths are absorbed and which aie 
transmitted Since each substance absorbs its own pattern 
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Fig. 70. An infra-red spectrum can be used to make a chemical analysis of a material. 
The dip.s reveal which wave h ngtli have been absorbed. 


of infia-red waves, the spectroscope chart provides a 
quick way of analysing a material. In Fig. 70, sharp dips 
such as A and B show cocaine is present in both materials. 

Herschel’s first experiment \.ith infra-red waves showed 
. that they have more heating effect than visible light. 
Infra-red waves, together with visible light, bombard the 
atoms and molecules of materials and cause them to move. 
It is this ‘molecular motion’ that we observe as heat. 

Molecular motion also cause's mfra-red waves to be sent 
out. We say that a hot object radiates ‘heat’. Actually it 
is not ‘heat’ that is being radiated, but infra-red waves, or 
‘heat-causing’ waves. The intense heat in the sun causes 
infra-red waves, visible light, and other forms of electro- 
magnetic waves to be sent out. These waves all travel 
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toward the earth at a speed of 186,000 miles a second. 
When the waves strike the earth, a portion of the radiation 
is absorbed, and the rest is reflected back into space. The 
portion that is absorbed warms the earth. 

Most of the heating effect of the sun comes from infra- 
red waves. Without them the earth would freeze and we 
would die. 

Scientists have found ways to photograph the infra-red 
radiati<iin from hot objects. The car in Fig. 71 was photo- 
graphed by means of the infra-red waves which it emitted 
while it stood in direct sunlight. White areas mean that 
a great deal of infra-red radiation was sent out; black 
areas mean that little was sent out. 

Was the motor running? It would seem so. Look how 
hot (white) the bonnet is. Such infra-red photos are very 
useful in analy.sing the hot and cold parts of machines 
and buildings. 

'riierc are many practical uses for infra-red waves. For 
example, f'ig. 72 shows a steelworker grilling a cheese 
sandwich with infra-red rays from a white-hot furnace. 
Our ‘infra-red’ broilers work in the same manner. A coil 
of W'ire is hc'ated electrically until it becomes red hot, then 
the infra-red rays from the hot coil can be u.scd to broil a 
steak. A similai prcxc'ss is used in industry for quickly 
drying paints and other licjuid materials. 

ULTRA-VIOLKT l.ICJHT 

Have you ever been sunburned ? If so, you can blame it 
on ultra-violet rays. This kind of radiation, found beyond 
the violet end of a spectrum (Fig. 49), is quite destructive. 
In fact, if most of the sun’s ultra-violet rays were not 
stopped by the atmosphere, we would soon be killed by 
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Fig. 71. This picture was taken by infra-red light radiating from the car. The white 
parts generate the most heat. 






(lilt'd ('xposurc to ihcm. In the catly summer even a lew 
hoin's «'\|)osuie to the weak ultra-violet ravs that reach 
the ^ound is ('nom^h to give >ou a b.Jtl sunburn. Later in 
the summei a d.uk sunt.in will jjioteet >ou from these rays. 

Housewives hang clothes to dry in the sunlight to make 
use of the c^eimicidnl (geim-killing) ptmer of idtia-violet 
radiation Special ultra-violet lamps arc used in operating 
tluatres to kill harmlul geims. Such an ultra-violet lamp 
is on the inside lim of the oveihead fixture in Fig. 73. 

A moder.ite amount of exposure to ultra-v'iolet rays is 
healthful. It helps create the vitamin D we need to make 
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our bones grow strong. Doctors advise mothers to expose 
their children to some sunlight. Special sunlamps that 
produce ultra-violet rays are also used to tan the skin and 
produce vitamin D. Sunlamps must be used with care 
because over-exposure to their ultra-violet rays can cause 
severe sunburn and injury to the eyes. 

Ultra-violet radiation has widespread uses in stage and 
sign lighting. Certain materials are fluotesceni and glow 
brightly when illuminated with ultra-violet rays. ^These 
materials change some of the energy of the invisible high- 
frequency ultra-violet waves into lower-frequency visible 
light. Costumes and scenery painted with such lluoresccnt 
materials will glow brightly in ultra-violet radiation. If a 
lamp produces only ultra-violet rays and no visible light, 
the costumes and scenery on a stage can be made to glow 
brilliantly in the dark. The term black light is used to 
describe this effect. 

Fhtorescent markings on the instrument dials of aero- 
planes are often illuminated bv ‘black light’ lamjjs. Illumi- 
nation horn an ordinary light would interfere with the 
pilot's vision at night. 

You have seen brilliantly coloured ])osters and bill- 
boards in which the colour stands out in sharp coiltrast to 
the surroundings. I’luoiescent materials are added to the 
inks used to print these bright colours. When high- 
frequency violet and ultra-violet radiation in sunlight 
strikes the fluorescent materials, they are changed into 
lower-frecjueney red, yellow, and green light. The addi- 
tional light thus produces a brighter colour. 

You arc familiar with ‘fluorescent’ lamps. Why is this 
name \ised? If you were to see a lighted lamp of -this type 
which had a clear glass tube instead of the regular white 
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I lu, 71 • ‘I puiph iluoirsciiKc unclei ultia-\iulct 

liL’lil and Insh « m;s v^low with a staiU t coluui 


one, it would .ii)|)ear Ijluish-grcen and rather dim. A large 
amount ol the light given oIF by such lamps is invisible 
ullra-\ iolet radiation that is normally wasted for illumina- 
tion pin poses. But b> coating the inside of the lamp tube 
with lluorescent powders, some of the wasted energy of the 
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ultra-violet radiation is changed into visible light and the 
lamp appears much brighter. 

Another interesting use of fluorescence is shown in Fig. 74, 
When viewed under ultra-violet rays, an old egg appears 
purple and a fresh egg apjjears scarlet Chemical changes 
cause the eggshell of the old egg to fluoresce diflcrently 
from that of the frc'sh egg. Doctors use a similar procedure 
to identify certain types of skin infections. 

Fig.^yf) shows how ultra-violet radiation may be used to 
locate and study a leak in a tank. A fluorescent liquid was 
pcu niitted to run along the inside edges of the tank. When 
examined on the outside with an ultra-violet lamp, the 
location and length of the leak show \ip as the liquid 
lluore.sces in the ultra-x iolel radiation. 

INI' U A- KM) KROKI.K M 

Look at the car in Fig. 71. Can you answer these questions? 
(Keineinher, white ai'eas in this photo mean high infra-red 
radiation and probably a high temperature.) 

a. Why do the chrtunium strips and hub caps apjiear 
dark ? 

b. Why is the ground under and behind the car warpier 
titan it is in front of the car? 

c. \Vh\ are the txies warmer than the metal body? 

d. 'The ear is actually standing in bright sunlight. We 
would therelore exj>ect infra-red rays to be coming 
liom the top of the car. Why is the top of the car 
dark ? 

Now turn to page 151 for the answ'ers. 
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9 Extending the spectrum 


We have said that light is a wave. But a wave of what ? 
A water wave moves in water. A sound wav e moves in air 
or other materials. But in what does a light wave jnove ? 

In 1863 the English scientist James Clerk Alaxwcll sug- 
gested that light was composed of ‘electromagnetic waves’ 
caused by electrical particles vibrating inside a material. 

You can begin to understand what this means by doing 
a simple expciiment with a magnet. 

Place a magnet on a table and cover it with a sheet of 
paper. Gently sprinkle iron filings (bits of iron) onto the 
paper. An interesting pattern of lines of Jin ce will form 
around the magnet (Fig. 7()}. This pattern is called a 
ma^neiic field. 

In your experiment the lines of force do not move. But 
if you made an electnnna^^nel and sent a changing electric 
current through it, the lines of lorce would move in time 
.to the changes. In lact there would be two gfoups of 
moving lines, one for magnetic lines of force and the other 
for electrical lines of force. 

Maxwell believed that a light wave was composed of 
both sets of lines of force moving ai a speed of i8(),ooo miles 
a second. A light wave was, therefore, an electromagnetic 
wave. 

According to Maxwell, an electrical particle moving 
rapidly back and forth could catisc an electromagnetic 
wave. If the rate of vibration was great enough, vi.sible 
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1 iR 7 t) \ p.iitMn ()l liiHs oi Una foiins a ‘iiias;ru ti( fiiltl round a mac^nf t 

\v,»\(s would b(‘ s<*ut out. Hit?h rates of vibrations 
would ( .luse lii^h-li(‘C|uenc V violet and ultra-violet waves, 
wlul(‘ less rapid vibrations would cause lower-liccjuency 
red .uid inlia-ied w.ives 

M.rvwell (houi’lit that it w.is possible to make eleetro- 
mai’iietu w.ives with anv lapidlv vibtatnu>; electric current. 
In 1M7H tli(‘ (lerrn.tii scicMitist Heinrich Hertz proved that 
Maxwell was m:[ht Hertz made an elec tromacfnetic wave 
bv producim* .r lapidlv vibratinn electric current. It was 
the Inst n(U( brother to a lii^ht wave. He trans- 

mitted r*adto waves .icioss .1 room to create tiny sjjarks.. 
Hertz’s r xperirneirt was lurther evidence that lieflrt waves 
and r.idio wav(‘s are cdectiomatrnetic waves. 

How does a laclicj station create radio waves? The basic 
idc*a is simple. .\ powerful, rapidlv' vibrating elc*ctric cur- 
rent is sent up and down an aerial. One station may send 
a million surge's of electrical particles up and down the 
aerial in one second, cic'ating an electromagnetic wave with 
a Jiequetuy of one million vibrations per second. The w'ave 
travels outward, hits the aerial of )our radio, and creates a 
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million electrical vibrations per second in your set. The 
tubes and other parts of the set then change the pattern 
of electrical vibrations into sound. 

Another station might use a frequency of 1,200,000 vi- 
brations per second; still another 650,000. You tune in a 
station according to the frequency of its electt omagnetic 
wave. The number 120 on the dial of a radio might 
represent a station with a frequency of 1,200,000 waves 
per second; the number 65, a station with a frequency of 
650,000 waves per second. Television waves are the same 
kind of electromagnetic weaves except that their frequency 
is much higher, about too million per second. 

Scientists can make similar waves with frequencies of 
over 1,000 million times a second. If you send such waves 
through a person, they cause heat, resulting in an artificial 
fever. Doctors use these waves in heat treatments known as 
diaiheimy.y^dLWc.s used in diathermy approach the frequency 
of infra-red waves and begin to act like them. 

Fig. 77 provides additional evidence that radio and light 
waves are similar. The aerial in the ])hoto is part of a 
radio transmitter that bounces ^adio waves off the moon. 
The wave comes back from the moon in about 2.J seconds. 

• Since scientists know the distance to the moon, ?l is easy 
for them to calculate that the radio w'avc travels at the 
same speed as a light wave — 186,000 miles per second. 

Maxwell’s theory that electromagnetic waves arc caused 
by vibrating electrical particles works nicely for radio 
waves which have a very low frequency as compared with 
visible light. But as an explanation of the waves of visible 
light, the theory has serious Haws. Scientists therefore 
needed to find another theory to explain how light is 
caused inside atoms. 


Ill 




• I IP 77 \ I idin w \\( s( lit h\ this at ri il i« Ixniiuldl from iht moon and 
M 111! nt d III * { s( ( onds 


111 ClliapUM 7 \\r (Irstiibcd how Xicls Bohi pictured 
hi»ht .IS ( .uised In .in election )unipini? liom an outer 
oibit in .in aloin to an innei one 'I'lu- e\iclc*ncc loi the 
liohi tluoiN w.is so o\ ei w hehning th.it it has become the 
.icceptc'd explanation ol the w.i\ in which li^ht is pio- 
cluc c‘cl 

Ol couise, this new |)ic tine biiin^s with it main nnstciics. 
Win should an election jumjnnt; liom one oibit to another 
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cause an electromagnetic wave ? Why are there only certain 
orbits? Why isn’t any orbit possible? No one knows. These 
mysteries remain to be solved in the future. 

Now, let us return to Fig. 49. The numbers on the left- 
hand side of the chart represeiii the frequencies of the 
waves. The chart starts at a frequency of about 10,000 
waves per second and increases by multiples of ten all the 
way up to 10,000 trillion. Fig. .|9 is a gigantic spectruTn f)f 
electromagnetic waves, far larger than our original visible- 
light spectrum. 

Radio w'aves start at about 10,000 waxes per second and 
go up to the regular broadcast waves (about i million per 
second), into radar and experimental frequencies (10 
thousand million per second). At about i billion per .second 
wc reach infra-red waves. The waves most useful for heat- 
ing are at frequencies of about loo billion per second. At 
about 500 billion per second the vi.siblc-light legion is 
reached. The thousand billion mark brings us into ultra- 
violet, the sunburn and geim-killing waves. 

X-RAYS 

As. we approach 100 thousand billion waves per second, 

. the ultra-violet shades into a new kind ol wave lift X-ray. 
How were X-ray s discovei cd ? 

In 1895, the Geiman scientist Wilhelm Rontgen was 
experimenting with electric current. When he sent a cur- 
rent through a tube containing a gas at low pressure, he 
noticed that minerals nearby tlevcloped a fluorescent glow 
in the dark. This occurred even when the tube was .com- 
pletely enclosed in a box. Some kind of mysterious ‘rays’ 
were coming through the solid box. These penetrating rays 
became known as X-iays. Upon further study X-rays were 
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Fil/ 78. X-rays nruovrr a hiddi'n painting. 


found to bo oloolromagnotic waves of a higher frequency 
than ultra-violet waves. 'I'he I'requeneies of ultra-violet 
waves u(‘r(‘ about a 1,000 billion per .second, tho.se of 
X-ravs about a million billion (a trillion) per second. 

In Fig. () we saw that ordinary light can pass through 
human llesli. But X-rays are far more penetrating than 
ordinary light. I'ig. 7BA. is a ])hotograph of a painting. 
Fig. 7HB is an X-ray photograph of part of the same paint- 
ing. 'Flu* X-ray j)i<'ture ])enetrates the opaque paint and 
reveals another |)icture underneath. 

When the lre(pienc\ ol' the X-ray is stepped uj), its 
l)enetrating power increases. With powerful X-rays we can 
look right through the human body and sec detail in the 
bones (Fig. 79.. X-rays are of great importance not only 
in mj'dicine but also in industry, where they arc used to 
detect weak sj)ots in metal parts. Notice how clearly the 
X-ray j)hoto in Fig. 79 shows the working parts of the 
electric razor through its outer case. 



til' /() 1 hr iniK r ])aits 
(il thr hiirnan 1joc1\ and 
th( 1 1( ( trie la/oi ai( 
i( \ ( ai< cl l)\ X-iaNs 



How arc X-rays produced.'* An electric current is a 
stream ol electrons. If we shoot electron.s through a vacuum 
.tube and let them hit a piece of metal, X-rays vWll come 
out of the metal. If we u.se a higluT voltage (electrical 
force), the speed of the electrons increases The greater 
speed causes a higher impact, which in turn icsults in a 
higher frequency and more peneti.tiing rays. A dentist uses 
about 15,000 volts when he X-ia>.s your teeth. But to 
detect holes in solid metal, an engineei might use 25,000 
volts, or even a million volts. 

We speak of ‘soft’ and ‘hard’ X-rays. Soft X-rays are 
the lower-frequency rays that penetrate only soft objects 
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like flesh. Higher-frequency hard X-rays can penetrate 
solid objects of some thickness. Hard X-rays begin to 
resemble another kind of radiation known as gamma rays. 

GAMMA AND COSMIC RAYS 

How (lid we first learn about gamma rays? They were 
discov ered cjuite by accident by the f’rench scientist Henri 
Bccqucrel in i8(j6 as he was experimenting with light. 

Ymj have seen luminous materials that glow in the 
dark. These materials are either phosphorescent or radioactive. 
A phosphorescent material must first be exposed to light 
before it will glow. The electrons in a phosphorescent 
material capture and store the light energy. Fig. 8o shows 
how they do this by jumping to ‘higher-energy’ orbits a 
bit further from the nucleus of the atom. When the light 
is removed, the electrons jump back to their normal posi- 
tions and give out the light energy that they have stored. 
(Iraduallv, as the electrons jump back into place, the light 
beconu's dimmer and finally disappears. 

Becqucrel was trying to find out if uranium ore was 
phosphorc.scent. C3nc day he happened to put a piece of 
uranium ore on .some photographic paper which .was 
wrajjpcc^ in thick black paper. Then, perhaps forgetting, 
whetfier the pajxT had been used, he developed it. He 
found that the jihotographic paper under the uranium ore 
had blackened right through its wrapping. Becquercl had 
discovered a new type of luminous mineral. He didn’t know 
it at the time, but he had also discovered atomic energy. 

rive uranium ore was radioactive. It contained a material 
which gave off v'cry-high-frequency rays that were more 
penetrating than ordinary X-rays. They are now know'n 
as gamma lays. It was also found that uranium ore gav'^e off 
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high-speed atomic bullets as well as gamma rays. The 
French scientists Pierre and Marie Curie analysed the 
uranium ore to find out what was causing the rays and 
atomic bullets. They discovered radium. Radium was such 
a powerful source of energy in the form of penetrating rays 
and atomic bullets that scientists were astounded. They 
had been given the first glimpse of atomic energy. 

liny amounts of radioactive materials are used on 
luminous watch dials to create light. Radioactive jiitoms 
explode and shoot out high-speed atomic bullets and ia\s. 
Electrons in nearby atoms are hit by these atomic bidlets 



1 Ho IMiosplion setnt t)b)< ( ts t<lov\ in iht* daik hrtansr eh t lions jump lo a highei- 
cncrg\ orljii when thev alisoib light rnrrgy, but Iain jump back lo stnd out splashts 
of light rntTgv 



and rays are knocked into higher-energy orbits. Then they 
jump back to create the light we see on the dial. 

Unlike luminous materials of the phosphorescent type, 
which require exposure to light, the radioactive light 
sources are self-luminous. They continue to glow year after 
year with slight loss of power. 

.Since Beequerers lime, .scientists have found many ways 
to create gamma rays artificially. They usually do this by 
shootyig parts of atoms at materials. As an atom is struck, 
it may break ajiart and release new high-speed atomic 
[)ieces jilus penetrating gamma rays. 

'1 his process goes on all the time in nature. For example. 
Fig. Ml shows what happens when a polished piece of 
uranium ore is placed on film. The while spots are the 
areas that contain radioactive material and give off gamma 
rays ])lns atomic bullets. 

High-speed atomic bullets and penetrating gamma rays 
are constantly raining down upon us from outer sj)ace. If 
you listen to a (ieiger counter you will hear occasional 
clicks, c\cn though there is no radioactive ore nearby. 
Fach click lejiresents the pa.s.sage of a gamma ray or atomic 
bullet through the tube of the Cieiger counter. Large 
numbers of atomic bullets and rays go through our bodies 
every second. They probably affect us more than we realize. 

'I'he energN of gamma rays and atomic bullets is 
measured in millions oi' elccfwti-volts. This type of radiation 
can be jiroduced by smashing high-speed particles, such 
as electrons, into an object. Electrical forces amounting to 
millions of \ olts are used to speed up the electrons. But the 
energy of some of the radiation coming from outer space 
is measured in thousands of millions or even millions of 
billions of electron-volts. Radiation from outer space is 




Fig. Oi. Gamma rays plus particles from splitting atoms produced this picture when 
a film was placed next to a piece of polished ura uum ore. 


therefore far more penetrating and damaging tHhn that 
from ordinary gamma rays. Wc call the atomic bullets 
and rays from outer space cosmic rays. 'J^he Ircquencies of 
cosmic rays arc measured in thousands ol millions of 
billions of waves per second. 

Scientists have built machines that will duplicate cosmic 
rays. Fig. 82 is a photograph of the explosion of an jg,om 
set off by a man-made cosmic ray. I’hc straight lines form- 
ing the star pattern are caused by the rapidly moving 
parts of the smashed atom. 
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Hj. I In'! pittuir ir\raK tlir rxplfxlini; of an atom as a rrsult of 
(osiiiK I<l\s. 


Scientists hope to unlock more secrets of the atom by 
such stu(li<“s. All of us sincerely hope that mankind will 
lind a way to limit this knowled,^e to peaceful uses. 

WAVKS OR PARTIC LKS ? 

As scientists e.\plored the enlarged spectrum that started 
with visible light, an intereslmg mystery began to develop.. 
You will recall that Newton's idea of light bullets lost 
favour in the nineteenth century because the wave theory( 
explained refraction, interference, and polarization. Finally 
the bullet theory was thrown out completely. It did not 
seem to work at all. 

But you may have noticed that as we progressed to 
higher frequencies, from visible and radio waves to infra- 
red, ultra-violet, and X-rays, we began to use the word 
‘rays’ rather than ‘waves’. We speak of radio waves, not 
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radio rays; but we say ‘cosmic rays’, not cosmic waves. 
The term cosmic rays includes not only electromagnetic 
waves but also a wide assortment of bullets composed of 
speeding atomic particles. 

tVs fre(^uencies increase, the waves’ begin to act more 
and more like destructive bullets, and less and less like 
waves. When a high-frequency electromagnetic wave (cos- 
mic ray) hits an atom, it seems to concent i ale all its 
energy in one spot and smash the atom to bits. A wave is 
more spread out than a particle. And even if it had more 
energy, it is difficult to see how a wave coi'ld penetrate 
into a single atom without affecting many atoms nearby. 
But it docs. So scientists now think of light energy as coming 
in packages called photons. Perhaps photons are little bundles 
of wave energy, like the vviggly wave groups in Fig. 83. 





In dealing with low-frequency and low-energy radio 
waves, we can explain most of the actions we observe by 
forgetting about bullet-like photons and thinking only of 
electromagnetic waves. But as we go up the frequency scale 
toward ultra-violet, X-rays, gamma rays, and cosmic rays, 
the light energy acts more like bullets and we have to con- 
sider the idea of photons. This contradiction in the theories 
of light is the subject of intensive study by scientists. They 
hope ^to solve this mystery as they have solved so many 

OtluTS. 

'File many changes that have occurred in the theories of 
light in the past few hundred years demonstrate an im- 
portant characteristic of science. As our knowledge grows 
and we soKe more of the mysteries of nature, we discover 
an increasing number of new problems to solve. Each new 
theor\ helps us to understand a bit more about our world, 
yet at the same time r.iiscs new questions and problems. 
'I'lius the woik of scientists will probably never come to an 
end. 
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PART III 


Optics 


Now let us turn from ‘invisible light’ waves back to the 
ordinary light we know best. One of the main uses of 
visible light is to enable us to sec. The science of optics 
is concerned with the improvement of vision by means of 
lenses, mirrors, and other deviccsi The most important 
part of each of these devices is the lens. 



< i 



1 iq ^4 \\h\ do thf shulows oi th( thin legs of tht w^e r insect look so larg( and 
black, while lh( sliadovv of the bod> looks normal 



(ig 83 Ihis photogiaph of the passage of three light rays through two lenses reseals 
many intt resting fac ts about light 
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10 Lenses 


The ‘water strider’, whose shadow appears on the stream 
bottom in Fig. 84, can teach us something about lenses. 

The watei)- strider can walk on water because it weighs 
so little and because the water has sutface tension. Surface 
tension produces something like the same effect as an 
clastic film stretched on top of the water. 

Notice that the long body of the insect casts a shadow' of 
about the same size. But the six thin legs seem to cast large 
oval shadows. Why? Theie is a bright rim around each 
shadow of a leg, but none around the shadow of the rest 
of the insect’s body. Why does this bright rim t)ccur ? 

We can find the explanation of this interesting effect by 
studying what happens when light passes through lens- 
shaped pieces of glass. 

In Fig. 8f), three paralJel rays of light (d) are entering a 
coneave (inward-curving) piece of glass {B). The concave 
.lens bends the upper and lower lays ((,’ and D) away from 
the centre ray (E). The once-parallel rays now diverge 
(spread apart). 

The diverging rays then strike a convex (outward-curving) 
lens (F). The convex lens bends the spreading rays so that 
they converge (come together) soin''where beyond G. 

Why do lenses bend light as they do? Fig. 8(i shows 
three rays of light striking a convex lens. The centre section 
(* 4 ) resembles a rectangle with parallel sides. In Fig. 39 we 
saw that a ray of light striking a rectangular piece of glass 
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at rijj;ht angles j)asst‘s through without changing its direc- 
tion. Ray li th(‘ict()ic goes straiglit through the glass. 

'I'lie upper part of the lens [C) resembles a triangular 
prism .111(1 bends the light lay {!)) that strikes it toward the 
wider pait (liase) of the prism, as in Fig. 33. The bottom 
part of the lens [E) is like an upside-down triangular 
prism, asd bends ray F upward toward its base. The net 
result is that all three rays converge (come together) at 
jioint (i. riie convex lens is .said to bring rays to a. focus (6). 

Now, let us look at the action of a concave lens (Fig. 87). 
Three parallel ra\s enter the gla.ss. Ray B strikes the rect- 
angular centre section ( J) and passes straight through. Ray 
C strikes the upside-down prism part of the lens {D) and 
bends toward the wide top of the lens. The third section of 
the lens [E] is a right-side-up prism, and ray F is bent 
towards its base, at the bottom part of the lens. The net 
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result is that the rays diverge (spread apart) when they 
leave the lens. 

Convex lenses tend to bend light rays closer together; 
concave lenses tend to spread them apart. 

But how does this explain the shadow of the watenstrider 
in Fig. 84? Although the watc^strider is very light, it 
weighs enough to indent the w'ater under each leg, causing 
a small hollow in the surface of the water. In Fig. 88, the 
curve of the hollow in the water is shown to consist of a 
central concave part (A) and two convex parts {B and C). 
The concave part (-I) spreads the rays a\\a> from the 
centre of the shadow at D. A large dark area i^ therefore 
seen at D. But the convex parts of the water at B and C 
make the rays converge and concentrate the liglit at K and 
F to create the bright rim around the daik aiea. 



Fig S7. \ diM'igiiig '(onravc li'iis (.uisis i.i>s ot light to spii’.ul apart. 
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lORMIN#;; AN IMACrK 

Convex Icnsc's .itc used in optical instruments, such as 
cameras and lelescojjcs, because they can form images. 

Fig. Bf) shows a convex lens forming an image on a wall. 
This is what h.jppened. A boy stood near a window. 
A convex lens was held up near a wall opposite the 
windpw and mov ed back and forth. When the lens was a 
certain ilistancc from the wall, a clear upside-down image 
of the boy w as formed on the wall. Try doing this yourself 
with a magnifving glass. 
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Fitr 8q \ ronve iGfinu; Ions tan j)iodiico an iruoitod iinatjo on a wall 


You can also observe an inverted image by holding a 
magnifying glass at arm j length, as in Fig. 90. A trans- 
parent glass marble or a jar of water will also form upside- 
, down images. 

A convex lens forms an image by causing rays to con- 
verge to a focus. Fig. 91 shows a group of light rays reflect- 
ing from a flower (J) toward a lens [Bj. As in Figs. 86 and 
87, the ray striking the centre of the lens goes almost 
straight through without any chan 'c in direction. The top 
of the lens bends the ravs downwards and the bottom tends 
to bend them upwards. The rays therefore come together 
and focus at C. 

If we put a screen at C, the point where the rays meet, 
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1 ig (|(> V (oiuMping it IIS fill ms an imtiud midcfr wiun it is ht Id at a distance 
from the t \ t 


a cluplicato of tlu* orit^inal source of light (the flower) 
appears •'HI the scieeii. We call this duplicate an image. 

Now suppose we ino\e the screen closer to the lens where 
the ra^s ol light ha\e not yet met. Instead of a spot of 
light, we get a blurred area. The image is ‘out of focus’. If 
we mo\c the screen farther from the lens, the rays have 
already crossed <ind have begun to spread apart. Again, 
w'e see a blurred image. You can see why it was necessary 
to ‘focus an image’ on the w'all by moving the lens back 
and for th in the experiment in Fig. 89. 

Notice that the rays in Fig. 91 start from A, above the 
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Fig 91. The ability of a lens to niake lighl ia\s coiuerge is the cause ol foiniation of 
inverted images. 


centre line of the lens, and end below that line. This causes 
the image to be inveited (up«!ide-down). 

It is easy to forn an image that is larger or smaller 
than the original object. I’ry this experiment at night with 
a table lamp and convex lens. Any magnifying glass is 
convex and can be used for this experiment. Remove the 
lampshade to expose the lighted bulb. 

Hold the lens a few inches from the lamp bulb. A very 
large, inverted image of iiie bulb will appear on a nearby 
wall. Form images in this manner on dilfcicnl walls. You 
.will notice that the farther away die wall is, the Urger the 
image. 

Now bring the lens near the wall and again focus an 
image of the lamp bulb nn the wall. I'his time the image 
will be very small. Try this experiment on each wall in the 
room. You will notice that when t.>e lens is faithcst from 
the lamp, the image is smallest. 

An image of any size, large or small, can easily be made 
with a convex lens by adjusting the distances from lens and 
lamp and lens and wall. 



Why does this happen? Fig. 92 A shows how an image 
is formed when the lens is far from the object. Notice how 
the rays meet rather close to the lens to form a small image. 
This is the way an image is formed by the lens of a camera. 
Your eye also forms images in this way. 

Fig. 92B shows how an enlarged image is formed when 
the object is brought closer to the leris. A projector or a 
microscope forms images in this manner. 


DlFI-^RK.N'r r.KNShS 

A lens may have one surface convex and the other concave, 
as shown in Fig. <>3. Should we call it ‘convex’ or ‘concave’ ? 
Would such a lens make ia\s of light amrige ('come to- 
gether) or (livfii’c (spread apaiti.’ It all depends upon 
whether the lens is thitkei in the middle or thinner. If it 
is thicker in tlie midille, it causes the rays to converge. 



Fibj. <)J. a I.iimi IS piociiKt'd l)\ the olyttl closer to the lens. 
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Converging Diverging 

Fig 93- Convcrijing (convrx) lenses arr thicker in the middle. Di\erging concave 
lenses are thinner in the middle. * 

Such a lens is therefore called convergiiif’. Most people call 
it convex. 

If the lens is thinner in the middle than at the edges, it 
causes rays to diverge. Such a lens is called diverging. Most 
people call it concave. Wc ha^ c seen that a lens that is 
convex on both sides forms an inverted image {Fig. 90). 
All converging lenses do the .same. On the other hand, it is 
impos.sible for diverging lenses to form images on a screen 
by themselves because the) spread rays apart rather than 
bring them to a focus. Hf)vvever, yini can sec images by 
looking at an object thr< ugli diverging len.ses. Such images 
are.erect fright side up) and small, as in Fig. 94. 

Lenses also dilfer in Jocal len 'h. Fig. 95 shows^the way 
tv\o converging lenses focus th«- same parallel rays (.such 
as rays of sunlight). The curve of the glass in lens A is more 
convex than that of lens li. As a result, lens A bends light 
more sharply than B. The rays passing through lens A 
focus at point C close to the lens. "J’he same rays passing 
through lens B focus farther awa> at D. Suppose that the 
rays converge four inches from lens A and eight inches 
from lens B. Then wc say that lens A has a focal length of 
four inches and lens B has a focal length o( eight inches. 



ii' will FI \ou Innk tliiuui^h <t r|i\ < i 'rmt' h iis \ou sec a small, cicrt irnapr. 


'I'hr local Iciij^lh ol'a lens dclcrinines how large an image 
»)( a particular object will be and how far from the lens it 
will lorin. riius it is possible to tlesign lenses to give large 
or smaller images, as desired. 

A ch(“ap lens and an expensive one of the .same focal 
length will Ibrin images of a given object that are equal in 
si/e and distance from the lens. But they may dilfer in 
impoitimt details. 'The chea]) letis ma\ produce a blurred,- 
distorti'd image with coloured edges, 'fhe better lens will 
produce clearc'r, less distorted images without the coloured 
edges. 

\V(“ Impiently refer to lenses as ‘strong’ or ‘weak’. A 
strong lens bends rays mor<* sharply than a weak one. The 
lens of short l<)cal length in Kig. pfj is ‘stronger’ than the 
lens of long focal length {li). However, the words ‘strong’ 
and ‘weak’ are often misleading. For example, in a tele- 
scope greater magnification is obtained with a ‘weak’ lens 



Fig. 9f). A ‘weak’ lens has a long ‘focal length’. A ‘strong’ lens Ijj’nds light rays more 
sharply and makes them focus closer to the Ici s. 


of greater focal length. Yet we would be tempted to call 
such a lens ‘strong’ because of its high magnification. It is 
better, therefore, to refer simply to the actual focal length. 

LENS DEFECTS 

The simple kind of con', erging lens that wc have been 
talking about is rarely used by itself in optical instruments 
of good quality. Fig. gb shows one reason why. Noficc that 
as the five rays of light strike the Jens, they bend and come 
together. However, the rays that pass through the outer 
edges of the lens don’t meet at the same point as the rays 
closer to the centre. This caiiscs a blurred and distorted 
image. The name given to this defect is spherical aberration. 
The word ‘aberration’ means ‘defect’. This particiilar 
defect is called ‘spherical aberration’ because it arises from 
the spherical shape of the curve of the surfaces of simple 
lenses. 
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Kii?. ()<). 'riu* l<*ns (Iffrc i, Xphriical ahfrration', results from the fact that the 
oiitei and iiUKT portions ol a lens focus rtt)s of IiG;ht at diffi'ieiit points. 


Spherical aberration is easily remedied by not using the 
outer edges ol'tlu' lens. When only the area near the centre 
of the lens is used, the light rays are Ibcused sharply. But 
this iinj)roveinent cuts down the si/e (diameter) of the lens. 
A large diameter lens is often needed to admit more light 
energy. In line optical in.^truments it is .sometimes nccces- 
.sary to use lenses ol special design to ijnprove the image. 
Four ot^more lenses may be combined in one instrument. 
Lenses of this t\j)e often cost hundreds or even thousands 
of jjonnds. 

If you look, through a very cheap telc.scope or pair of 
field glasses you will see coloured eilges around all lines in 
the image. One side ol'the edge of a building may appear 
red,, and the ojiposite side blue. We know that while light 
is compo.sed ol all colours of the spectrum. When white 
light passes through an ordinary lens, the red rays and the 
blue rays that come from the same place bend difl'erently 
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and therefore do not focus in the same place. This causes 
the defect of coloured edges in the image, known as chromatic 
aberration. ‘Chromatic’ means ‘colour’. An achromatic (colour- 
corrected) lens combination brings the red and blue rays 
together to focus at the same point and produces an image 
without coloured edges. 

A third defect of lenses is shown in Fig. 83. Notice that 
the multiple reflections and refractions send rays of light 
off in many directions. This stray light causes undesirable 
bright spots in the image and makes it less sharp andTlcar. 
To reduce this defect cpiality lenses are coated with a thin 
layer of transparent material that cuts down the amount 
of light reflected from the lens surface. 

LENS PROBLEM 

Can you answer the Following (juestions about Fig. 85? 
a. How can you prove that the rays of light come from 
the left and travel towards the right ? 

1). Ex})lain the focusing of ra-ys at /. 

c. Explain the formation of the ray at 7 - 

d. What causes the converging rays at E? 

e. Explain the formation of rays at L. 

Now turn to page 152 for the answers. 
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11 How we see 


The basic principles of sight may be understood by com- 
])aring the eye with the operation of a camera. 

A lens at the front of the camera forms an upside-down 
imagS on a film at the back of the camera, just as the simple 
lens in lug. 89 forms an image on the wall. Special chemicals 
on the film are affected by the light. An image of the 
original scene then aj)pears on the film when it is developed. 

A camera usually has several adjustments for taking 
])ictures. I'lic lens is- often moved back and forth to focus 
images on the film for objects at different distances. There 
are adjustments for controlling the amount of light that 
enters the camera, and for taking pictures rapidly of mov- 
ing objects in a shorter interval of time. 

'J’he eye is .similar to a camera in many ways. It has a 
lens to l()rm an image. It has controls for letting in more 
light when it is dark and less light when it is bright. And 
it has ac adjustment for focusing an image. 

When \ou look at an eve, vou sec a round coloured 
circle on a white background (Fig. 97). At the centre of 
the coloured circle is a small black circle, called iht pupil. 
Light enters the eye through the pupil, which appears 
black because you arc looking into the dark inside part of 
the ey(‘. 

'Fhe coloured part of the eye around the pupil is a circu- 
lar muscle called the iris. Look at your pupil and iris in a 
mirror in a dimly lit room. The pupil (opening to the eye) 
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Fig 97 The coloured ins is 
a muscle that controls the 
amount of light tntenng the 
eye through the pupil 



is large. But then look at your eye in a mirror outdoors in 
the sun. The pupil shrinks a:id b''Comes very small. 

The purpose of the muscle in the iris is to control the 
amount of light that enters the eye. Too much light causes 
harm and too little results in a dim image. The iris leacts 
to changes in the amount of light and opens or closes 
accordingly. 

Fig. 98 is a simplified diagram of the inside of the eye. 
Th^ front of the eyeball is covered with a transparent 
protecting tissue called the cornea Behind it is thf iris. A 
convex lens of transparent material is located behind the 
iris. This lens focuses rays of light to form an image on the 
retina at the back of the eyeball. 

The back of the eye contains many tiny nerves. Each 
nerve is like an electric wire. It carries an electric current 
to the brain whenever it is struck by light. The brain then 
puts these electric messages together to tell you what Idnd 
of object you are looking at. 

We know that a converging lens produces an inverted 
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i IK A ( oiixf X 1» rjs m tin t\t 
forms an imaL;( on the it iirt i. 



iinai^r So does die lens ol the eye. Then why don’t we see 
things uj)side-down ’ 

When .1 l)ab> is hoin, it does not see people, houses, 
aniirifils, and tovs. It nieiely sees mo\ina[colouied lie;htsand 
daiks The bahv must leain to see, just as it must learn to 
walk. It leal ns b\ expeiierue that a teitain pattern of 
light means a jieison, anothei jiattein means a dog; and 
.still otheis mean houses oi tiees Messages fiom ceitain 
neives ij^iean ‘up’ Messages horn othei nei\es mean ‘down’. 
It is the p.ittiiii ol ele(tii( messages that counts, and you 
learn to leiognise patterns ol lights and darks by cxpeii- 
ent e 

You will undei stand this bettei il )ou have evei used a 
miciosiope, which pioduces an upside-down image. The 
lust time >ou look thiough the microscope, at a small 
movuig animal, )ou become contused. When you try to 
mose the slide to lollow the animal, it moves the wrong 
wav. Hut with a bit of piactice >ou soon adjust to the 
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FiCf. 09- I*'*!** of llu' r\c aiitoinatirallv ailjiists ifsrlf to kt'rp iinav^rs in focus ou tlir 

retina. 

upside-down niolion. Aftci a wlnlc, you move tlic slide cor- 
rectly without thinking about it. It has become automatic. 

The camera has an adjustment to focus objects for dif- 
ferent distances. The eye has such an adjustment too. When 
you look at something far away, the lens is usually just right 
for proper focusing (Fig. P<)A). If the object is brought 
closer, the rays no longc> meet on the retina and the image 
appears blurred (dotted lines in Fig. But a mu.scle 

near the lens of the eye correc ' this by makingj^the lens 
bulge a bit niccome more convex). This bends the rays 
more sharply, and they come to a focus once again. This 
procc.ss is called accommodation and is pictured in Fig. ppB. 
Notice how the lens becomes thicker (more convex) in 
order to locus the rays more sharply. 

However, there is a limit to this ])rocess. (Hose one 
eye and look at your linger, held as far away as possible. 
Slowly bring your linger closer to the eye. It is clearly 
visible until it is about ten inches from the eye. If the linger 
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approaches much closer, it begins to appear blurred. You 
can feel the strain of the muscle inside the eye as it tries 
to keep the image in focus. 

WEARING GLASSE.S 

Why do people wear spectacles? You would probably 
answer, ‘To see better’. Of course, that is true. But why do 
' glasses enable some people to see better ? 

All the muscles in the body become weaker with age, 
and the eye muscles arc no exception. As a person ages, 
the muscles tliat ad just tlie shapes of his eye lenses become 
weaker. They can no longer accommodate for a ten-inch 
distance (Fig. looA). I’he best the eye muscles can then 
do is to accommodate lor a distance of perhaps twenty 
inches trom the eye. But when one must hold a book as 
far away as that to avoid blurring, the image of the print 
on the retina is wry small, and therefore hard to read. 

Such a |)ersr)n in fat-sii'/ifed, because he secs objects clearly 
only when they arc iarther av\ay than the normal ten 



Kig. loo. Imagrs iif nearby objects are out of focus for 
‘Icir-sigbted* pet»ple. Cilasses with converging lenses bend the 
light rays to bring the imagt's to a focus on the retina. 



inches. The far-sighted person is unable to thicken his eye 
lenses enough to bring rays from a nearby object to a focus. 
He therefore must use converging (thicker in the middle) 
lenses to assist his eye lenses in bending light rays to a focus 
on the retina (Fig. lOoB). 

An older person may find that distant objects look blur- 
red when he looks at them through his reading glasses. He 
then removes them for distant vision. Or he mav weai^ 
bifocals, in which lenses of different focal length are set 
into the lower part of the glasses. To see distant objects, 
he looks through the upper part of the glass( I'o see near 
objects, he looks through the lower part. Many older 
people use two pairs of gla.sses, one for near N'ision and 
one for far. 

Some young people are al.s«,> lar-sightcd. 'fhe oval shape 
of the eyes shown in Fig. loo would be one cause of this 
defect in a young person. 

Short-sighted people can see objects clearly only when the 
objects are close to their c)es. 'Fhe trouble here is caused 
either by the shajie of the eyeballs or b) a delect in the 
lenses which causes the .avs to come to a focus and form 
an» image in front of the retina rather than right on it 
. (Fig. lOiA). You might think < ftlie short-sighted^cyc lens 
as being too ‘strong’, it bends the rays too sharply. In that 
case, the use of a diverging lens sj)read.s the rays outward a 
bit, and thus helps the eye to form a clear image on the 
retina, as in Fig. lOiB. 

OPTICAL l.NSTRUMENTS 

A number of optical irntruments have been invented w'hich 
assist our sight in various ways. For example, a magtiijying 
glass can produce enlarged images of small objects. It is 

43 




I It'. loi. Winn .1 sill «i . . |/i isnn a di'-t.iiit ohjr-ft, (In* ravs nf liirhl fc rm 

Ininic fin* rMina S|>mI.mNs wiih riiM'it'int' Icnsrs spicad tin* ia>s af)nrt to focus the 
imain-s on tin* o tni.i 

simply a ( l<‘iis held between (he object and 
the ev<*. 

How does it ina.i>nil\ :* Kin;. io,> sliows one ray ol’ light 
< ()ining (rotn (he lu'ad (.1) of an insect. TIic ray is bent 
ilownward by (he lens toward />* and enters the eye. Another 
ray ol light ((.'} goes straight thiongh (he centre of the lens 
and also enteis tin* eye. ^’onr brain interprets both rays as 
eotning from /), a point (hat is much higher than the orig- 
inal head ol (he insect. i\s a result the insect appears to be 
larger than it ac tually is. 

A tt'k.'ptopr is basically a lens ol long focal length. Such 
a h'tis .‘v)rms a large image. The greater tlic focal length, 
th«‘ larger tlu' image. Long barrels or tubes are therefore 
needed for telescopes. .\n rre/wee, a kind of magnifying glass, 
is (hen use«.l to ('xamine (he image formed by the front lens 
(objective) and to pnnide further magnification. 

Astronomers preli'r to photograph the enlarged image 
and study it at h'isure. The enlarged image formed by the 
objective is photograplu'd directly without the use of an 
v\ epiece. 

144 




A projector, or an enlarge), contains a lens held near a 
slide or picture. An enlarged image is formed on a distant 
screen in much the same manner as pictured in I’ig. 92B. 
A large pai I of the expense of a projector is caused by the 
need for a strong concentrated light .source to produce a 
bright image. Special bulbs, lensci, mirrors, and other parts 
are recpiired for this purpose. 

The mictoicope greatly resembles the projector, in that a 
lens is brought close to tiic object to produce a distant 
enlarged image. Howe\ r, instead of projecting this image 
upon a screen, it is usually examined with a magnifying 
eyepiece. In the miuo-piojector tin eyepiece is elimiimted and 
the image is projected directly onto a .screen. v 

\Vc have come to the entl of our book. But it should be 
clear to you that this is by no means the end of the story 
of light. Each year, as scientists add to their knowledge and 
probe deeper into the mysteries '■•' the nature of light, they 
find more and more that remains unknown. And a^they 
continue their never-ending search, the new jjroducts and 
new industries that result from their res(‘arches help to 
make our world a belter and haj>picr place. 
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Answers to problems 


24, SCRMKN PKOBLKM 

Li.^lir travels in slraii^ht lines. Some of the light rays travelling to- 
wards ^our C)r ai'f hlockefl by ihc metal wires of the first screen. But 
other rays g(‘t through. ()1 those rays that get through, some are then 
blocked by the wires of tlie second screen while other rays get through. 
As w(‘ look at thc‘ scn‘(‘ns we see some areas where light goes straight 
through Im)|Ji screens, and other areas where light is blocked by one 
ol‘ the s< teens, rinis, some areas appear dark and others do not. Since 
th(‘ wares of the screens ha\e llie same spacing, this blocking occurs in 
a laige region. Ihil Ixa aiisc one '.creen is closer to us than the other, 
the angles to onr eyes ,ire dilferent, and therefore a dark area changes 
to a liglit on<‘ as wt look in diffenMit places. 

'The actn.il p.itt(‘rn of th(‘ light and dark areas is determined by the 
spacini^s ol’ tin* w'irc's, the angles between the screens and our eyes, 
and the* distain c* of the* sc r(‘c*ns from us. 

P A c; K f^O , MIRROR P R C ) R I I. M I 

a. 'rii^ windows below' the cradle re(l(*c't light from a newspaper* 
and roj ■ on the gtouncl. I'he reflection of the ground seems to be just 
below the gioimd-lloor window, 'rherefore the painters are probably 
at the first floor. 

b. J’hc* image of the ground in the windows show's a pattern of 
bric ks or blocks. No ])a\ ement, cars, or people are seen. Hie evidence 
seems^to point to a court)*trd rather than a street, but w'e can’t be 
sure. V 

c. riie shadow' of tlie painter on the right is rather short. The sun 
is therefore high in the sky and die lime is probably closer to noon 
than early morning or late afternoon. 
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d. Note the small stickers on each windowpane. New windows 
come with such stickers. In addition, if the building were occupied it 
is likely that lights would be on and we would then be able to see 
objects inside. The building is probably new. 

e. Notice the blurred hand of the painter on the right. The hand 
would appear blurred in a photograph only if it were moving; there- 
fore the cradle is being moved. 

f. Since the picture ‘looks down’ upon the ledge of the second 
floor window above the painters, the camera and photographer ajp 
probably at the third-floor level. 

PAGE 50, MIRROR PROBLEM 2 

Light rays can bounce off one mirror or the other to form two 
images of the object standing between the mirrors. But it is also pos- 
sible for light to bounce olf the mirror on the left to the mirror on 
the right, and finally to your e*; r 'FI is forms a third image. A fourth 
image is produced if light bounces off the mirror on the right, then 
the mirror on the left, and finally travels to the eye. Two more images 
are formed by triple reflections. The seventh image is formed by four- 
times reflections. 

PAGE 65, REl-RACTION PROBLEM I 

As the metal ball moves thr(>iigh the aii, it pushes the air in front of 
it oyt of the way. The faster it goes, the harder it pushes. A squeezed 
(compressed^ region of air therefore ex >ts in front of the bat Squeez- 
ing changes the nature of the air a bit, and causes it to becoi^e denser 
(heavier). Light bends as it passes across the boundary Irctween 
ordinary air and the compressed air. The dark and light lines in the 
photograph show where the refraction of light occurs. We then 
clearly see the ‘shock wave' caused by high speed o^' the ball. 

How was the picture taken ? 

I'he photographer placed a special lamp on one side of the Having 
ball and the camera on the other side. As the ball passed by at a speed 
of 10,000 miles per hour, it triggered a mechanism that set off a pulse 
of light lasting only one ten-millionth of a second I’he light rays 
from the lamp refract where the air is compressed by the moving ball 



and therefore bend away from the camera. These regions of com- 
pressed air show up as dark lines to reveal the position of the shock 
wave caused by the rapid motion of the ball. 

PAOIC 6(), RKIK ACTION PROBLEM 2 

Light travels in straight lines if it remains in one material, but as 
soon as light rays reach a different material they change direction. 
^'Vhere is always some reflection at the surface of the new material. If 
tfiv-v^jiaierial is transparent, there is also a change of direction caused 
by refraction. 'I’he disturbaiK e of the straight path of the light rays 
and the resulting change iii direction make the object visible in air. 
A jar of water surrounded by air becomes visible because it disturbs 
the light rays that strike it. 

Similarly, light rays moving under water travel in straight paths if 
no f)lher mat(‘rial gets in tli(‘ way. But if the rays strike an air bubble, 
reflections and n*fractions lake place at the surface. We then see the 
disturbed rays of light and the bubble becomes visible. The air bubble 
under wat(‘r looks much like a drop of water in tlie air. The image 
of the girl is mulistoried in this underwater picture because she and 
tin* camera are both immeised in the same transparent material (water) 
and the light is travelling straight from her to the camera. 

PACK do, 1 I, I. r SI ON PROBLEM 

Light is slowt'd down by dilferenl amounts as it passes thn.nigh 
dilVerent iinds of transparent materials. 'The amount of bending is 
clifferenj/lbr eat h material. A ray of light is ])ent more if it enters glass 
than it' it (Miters wat(T at an equal angle. The same ray entering a 
diamond at .in e(jual angle would be l)ent e\en more because the light 
wave would be slowt'd down still further. 

LacA tiansparent m.iterial has a certain ‘index of refraction’ — a 
meas^ire of how much a light wave is slowed down and bent. For 
exan the index of refraction for water is 1.33. For a diamond it is 
2.41.^1’he higher the iiuh'x of refractions, the more a light beam bends. 
Whenever two tr.msparent materials with a different index of refrac- 
tion are in contact, the light rays will always change speed thus and 
refract and reflect as they pass from one material to the other. 



But what happens if the speed of light is exactly the same in two 
materials? The index of refraction is then the same for both. No 
bending of light occurs and there arc no reflections. The light rays go 
right through without any change, just as though only one material 
w'ere present. 

In Fig. 57 the glass tube that disappears is made of *pyrex’ glass 
which has very nearK the same index of refraction as the liquid 
(trichloro-ethylcne) in the Jar. It therefore disappears in ilie liquid. 

The other tube is made of "soft’ glass which has a ditferenl iiid^ 
of 'efraction. It therefore refracts and reflects light, which rey^ites 
our eyes to make the glass visible. 



PAGE 95, COLOl'R PROBLEM 

A yellow glass permits most of the red, orange, yellow, and green 
ravs of the spectrum to pass thn'ugh but slops most of the blue and 
violet ra>s. Thus, l)lu( light from the blue sky is rechu ed by the filler. 
'This makes the sky appear d.irker in the secoiul photogra])h. 

On the other hand, the water droplets in the cloud reflect all 
colours equally well, 'riierefore the clouds appear wliite in l)oth 
photos. The ( ontrast between the white cloud and the dark sky makes 
the clouds stand ()ut more shaiply in ihe photo taken with the filler. 
'That is why it was used. 

a. Sharp, bright shadows ace cast by tiie sun in Fig. f)5B, but not in 
()5A. ‘I’herefore picture A was taken at a time when the ground \vas 
in the shadow of a cloud. 

b. I he greater blurring of the vanes of the windmill in^jjioto B 
might indicate that the wind increased in speed. 

(’. \'ery little shift in the diivction of the wind occurrc'd, as shown 
by the positions of the vanes on the windmill in both A and B. 

d. riie lumpy cumulus clouds are charactei jstic of fair w^j^thcr, 
usually with cool, not-too-moist air. Aii tj at has been warmtxl Iw the 
ground rises until it becomes cold enough to condense and forinfum- 
ulus clouds. Since the clouds seem to be low, the air is not toef dry. 

e. In Fig. b 5 B, the shadow of the small platform just below the 
rotating blades indic ates that the sun is low in the sky. Is it nmrning 
or afternoon As cumulus clouds of the type seen in the photo tend 
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to develop in midday or afternoon, the photograph was probably 
taken in the late afternoon 

f. The way in which the water tank in the lower right-hand corner 
is illuminated indicates that the sun is to the right of the camera. 
Since the afternoon sun would be in the south-west, the camera is 
probably facing in a ^outh-east direction, at right angles to the sun. 

g. The vanes of the windmill show the vvdnd to be coming from 

slightly behind and to the right of the camera. The wind is therefore 
from the west or south-west. Since the clouds are nearer to the camera 
in B, it was probably taken first. The west wind then pushed 

theriN'arther away to produce the picture in A. 

h. 'I'lie ( louds seem to be moving more in the direction in which 
the camera points than in the direction the vanes point. Wind direc- 
tions on the ground often differ from wind directions above. 

i. The clouds moved a bit and changed somewhat, but they are 
still almost the same in both pictures. Therefore the photos were 
probably taken a lew’ minutes apart. 

j. 'I'he streamerlike cirfm clouds in the lower left-hand corner have 
remained in almost exactly the same position in both photographs. 
'They aie therefore either a greater distance aw^ay or are not moving. 
Since tiie wind is blow'ing, it is not likely that they w^ould be still; they 
.u e probed )ly fartluM* away and also higher than the cumulus clouds. 

k. Both j)hotos show identical ol)iects in exactly the same position, 
so the camera was not moved. 


PAGE cyf, SPECTRl’M PROiU.EM 

Astroi^ >nicrs explain the regular splitting and coining together of a 
star's spectrum lines by assuming that it is a binary (double) star. One 
star revolves about the other like tw'o boxers circling each other. If 
the sy^rs are e*(|ual in mass (^weight), they will revolve around the 
poiiijM halfway between them. 

Sil>pose that we sec tlieir orbits edgewise. And suppose that the 
star cn the left is coming towards us. Then at that same moment the 
star on the right will be moving aw’ay from us. And at that very mo- 
ment llie spectrum lines for the approaching star wall be shifted to- 
w'ards the violet, while the lines for the other star are shifted towards 
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’the red. Thus, we see a double set of spectrum lines, one set for each 
iitar. 

As the two stars revolve, the one approaching us will, at a later 
Rime, be moving away, and the other will be moving towards us. At 
times when both stars are in a direct line with us, they will be moving 
sideways and no shift will occur in the spectrum lines. ^Ve then see 
the double spectrum lines come together. This happens periodically as 
the stars revolve about each other. 

By observing the changing positions of the lines in the spectrum 
an astronomer can accuratel/ measure the time of revolution o^, 
two stars. He can estimate the speed of each star from the amo^t of 
shift. By applying the mathematics of orbits he can then obtain in- 
formation about the diameter of the orbit and the masses uf bc'th 
stars. All this from a simple splitting of spectrum lines! 


PAGE Io8, INFRA-RED PROBLEM 


a. Shiny, white, smooth surlacca emit (give out) less infra-red 
radiation than dark surfaces; therefore the chromium parts appear 
dark. 

b. The engine is running. Hot exhaust from the engine runs 
through a pipe the full length of the underside of the car. In addition, 
a fan blows hot air from the radiator down under and to the rear of 
the car. Tliis hot air spreads out sideways and warms the ground at the 
rear and to the sides of the ar. This warming is greater than the 
heating caused by the sunlight in front of and beyond the car. 

the hot streak caused by the hot exhau^. gases behind the c;i 

c. If the c '.r has been moving, friction with the grountt*)ia^^armed 
the tyres. If the tyres were exposed to direct sunlight just bt^e the 
picture was taken, they would have absorbed exen more heal radia- 
tion because of their deep black colour and rough surface, in addition, 
black objects radiate infra-red rays more readily than shiny*^wliite 
surfaces. 

d. It seems strange that the top, which is in direct sunlight, ap»eais 
dark. It should heat up in the sun. But remember that the top A' the 
car faces upward and most of the radiation travels in that direction 
to the cool air above. Very little radiation travels sidew^ays low arc^s the 
infra-red camera. The top of the car therefore appears dark. 



PAGE 137, LENS PROBLEM 

a. If the rays came from the right, they would reflect from eachj 
glass surface back towards the right. No such reflections are observed.l 
But there are reflections back towards the left ; therefore the ravs came 
from the left. 

b. The three parallel rays at A reflect from the concave surtacef^t 
H to focus at L 

c. The ray at J is formed by reflection of the top ray at glass surface 
followed by refraction at Surface H. 

The converging rays at E are caused by reflection at surface M, 
followed by refraction surface N. 

e. The ray at 0 is formed by reflection at surface N, strikes the 
surface at L beyond the ‘critical angle’ (see page 59), and is therefore 
completely reflected from the smooth glass surface at L. 
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